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1
INTRODUCT ION
This thesis mainly focuses on ab initio calculations for inelastic collision
processes of carbon monoxide, CO, colliding with hydrogen and helium
atoms, H and He, and with hydrogen molecules, H2. This introductory
chapter presents the astrochemistry background, the theoretical methods
applied, and the current status of the research on these scattering processes.
1.1 astrochemistry background
The Universe is a combination of time, space, matter, and energy. [1] Dark
matter is estimated to compose 85% of the total matter in the observable
Universe, while only a small fraction of the Universe is made of molecules. [2]
Still, some scientists refer in particular to the “Molecular Universe” [3, 4, 5]
to emphasize the importance of molecules in the formation and evolution of
planets, stars and galaxies. By now, nearly 180 different molecular species
(not counting isotopologues) have been detected, from simple diatomic
molecules such as H2, CO, O2, and CS to complex polyatomic molecules
like hydrocarbon chains, and the C60 and C70 fullerenes. Figure 1.1 shows
that a diversity of molecules is present in the life-cycle of the interstellar
medium. The cycle of molecular material in the interstellar medium starts
from the diffuse interstellar medium, to dense molecular clouds where stars
and planets form, and finally back to the interstellar medium with the ex-
plosion of stars. After that, a new cycle starts. In this process, heavier
Figure 1.1: The life cycle of the interstellar medium. Adapted from Ref. [4]
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Figure 1.2: An overview of the molecular lines and the range of physical conditions
where they can probe effectively. Figure from Ref. [4]
elements are created and become more and more abundant. At the same
time, more complex molecular material will be present in the next cycle. To
understand the origin and evolution of molecules in space and their role in
the Universe, astronomical and chemical knowledge should be combined.
Astrochemistry is at the interface of astronomy, chemistry, and molecular
physics. [6] This discipline was born in the early 1970s, and its essential sub-
ject matter was defined by Dalgarno [7] as “the formation, destruction, and
excitation of molecules in astronomical environments and their influence
on the structure, dynamics, and evolution of astronomical objects”. The
formation, destruction and excitation of molecules are strongly related to
the collisional, radiative and chemical processes occurring in astronomical
environments.
A tremendous amount of microscopic molecular processes results in the
macroscopic evolution of stars, planets and galaxies. Not only molecular
processes are important, but also the molecules themselves play a signifi-
cant role in astrochemistry research. This stems from the fact that molecules
are outstanding tracers of the physical conditions in their resident regions.
The molecular electronic, vibrational and rotational spectra can reveal the
abundance and excitation of molecules, which are determined by the ra-
diation from surrounding stars [8] and by collisions. Molecular collisions
are sensitive to the physical conditions such as the gas kinetic temperature
and the density. Therefore, molecules can be used as “thermometers” and
“barometers” of emitting gas by means of spectral surveys. [4] Figure. 1.2
presents an overview of often-used molecular lines and the range where
these lines can be used as effective “thermometers” and “barometers”. As
shown in Fig. 1.2, CO is an excellent molecular tracer, which is effective for
a large range of kinetic temperatures and molecular hydrogen density. Ro-
tational lines of CO probe the lower density and lower temperature range,
Preliminary version – January 29, 2016
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Figure 1.3: A typical CO astronomical spectrum of the vibration-rotation lines at
4.7µm obtained with VLT-CRIRES. Infrared image with the Spitzer
Space Telescope of the central part of Ophiuchus. The SR 21 is one of
the young stars. (Image credit: NASA/JPL-Caltech/ESO VLT-CRIRES;
K.M. Pontoppidan)
while CO ro-vibrational lines are used in the dense, hot gas near a star or
in a planet-forming disk. [4, 9]. Molecular hydrogen, as the most abundant
molecule in the Universe, is another important tracer for studying the phys-
ical properties of molecular clouds. It works in the low density and high
temperature range, because of facile low-J rotational transitions in the low-
density region and its large energy spacing of rotational and vibrational
energy levels. In addition, other tracer species such as OH, CS, H2O, and
NH3 are present in the regions indicated in Fig 1.2.
The electromagnetic spectra of these molecular tracers provide clues in
the investigation of our Universe. Astrochemists utilize astronomical ob-
servations, laboratory experiments, theoretical computations, and models.
Spectroscopy is a key method of investigation for observational astronomy.
Progress in telescopes equipped with highly sensitive detectors advances
the observations. The observed spectral range becomes larger and the reso-
lution of astronomical spectra becomes higher. Figure 1.3 illustrates a typi-
cal astronomical CO spectrum of the central part of Ophiuchus molecular
cloud, recorded by the ESO VLT-CRIRES, which is created for infrared ob-
servations [10]. An image at infrared wavelengths of this molecular cloud,
which is a stellar nursery, is depicted in the background of Fig. 1.3 and has
been obtained with the Spitzer Space Telescope (SST). The spectral frequen-
cies extracted from the positions of the peaks correspond to differences
of the ro-vibrational energy levels, which can be assigned to certain ro-
vibrational transitions. The intensities of the peaks reveal the abundance of
the molecules in different ro-vibrational levels. Two additional features are
relevant in the analysis of spectra from telescopes, when compared with
spectra measured in the ordinary laboratory. One is the Doppler shift, the
Preliminary version – January 29, 2016
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other is the lineshape. Both can provide a great amount of information on
the motion of the observed body.
The physical parameters and chemical composition in the observed re-
gion, such as the kinetic temperature, column density, volume density and
molecular abundances can be extracted from this type of spectra through
molecular modelling. Often, local thermodynamic equilibrium (LTE) is as-
sumed when analysing CO ro-vibrational lines. This only holds when the
density of the gas is high, and collisions dominate the excitation of the
molecules. However, a non-LTE analysis is necessary for dilute molecular
gases, where infrared (IR) and ultraviolet (UV) fluorescent excitation and
radiative de-excitation compete with collisions. In this case, an enormous
amount of collision rate coefficients of CO with its main partners (H, He
and H2) are required as input parameters for modelling. In principle, both
laboratory experiments and theoretical calculations can provide collision
rate coefficients. The experimentally-inimitable harsh environment in space
results in a lack of experimental rate coefficients. In addition, only theory
can provide the huge amount of state-to-state rate coefficients as functions
of the temperature. Thus, theoretical calculations are the most powerful
tools for providing collision rate coefficients. Both classical trajectory meth-
ods and quantum mechanical approaches are available for such calcula-
tions. The classical trajectory methods are more efficient, while quantum-
mechanical calculations are more accurate. In this thesis, we used quantum-
mechanical calculations to provide state-to-state cross sections and rate co-
efficients for astronomical applications.
1.2 theoretical methods
This section presents the quantum-mechanical method that we used to cal-
culate state-to-state rate coefficients for inelastic collision processes for as-
tronomic application. In 1926, the Austrian physicist Erwin Schrödinger
published a partial differential equation that describes how the quantum
state of a physical system changes with time, which has come to be known
as the Schrödinger equation:
i h
@
@t
 = Hˆ . (1.1)
The Hamiltonian operator Hˆ characterizes the total energy of the system
and takes different forms depending on various physical situations. If we
can solve this (non-relativistic) Schrödinger equation and obtain the time-
dependent wave function  , we can find any property of the system under
study. The essence of our ab initio study of inelastic collisions of CO with its
partners is to solve the Schrödinger equation for these scattering systems.
Because the Hamiltonian itself is not dependent on time in our case, we
solve the time-independent Schrödinger equation
Hˆ  = E , (1.2)
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where E is the total energy of the system and  is the total time-independent
wave function.
The Schrödinger equation for atomic and molecular systems includes
nuclear and electronic degrees of freedom. A common approach to solve
this equation applies the Born-Oppenheimer (BO) approximation, which is
based on the fact that the motion of nuclei in a molecule is much slower
than that of the electrons. Therefore, the electrons can be considered to be
moving in the field of fixed nuclei. Then, solving the Schrödinger equation
can be separated into two parts. First, the electronic part of the Schrödinger
equation is solved for fixed nuclear coordinates to yield a set of electronic
energies and wavefunctions, depending parametrically on the nuclear co-
ordinates. The electronic energy, as a function of the nuclear coordinates,
defines the so-called potential energy surface (PES). The ab initio calculation
of such a PES is described in detail in Subsec. 1.2.1. An example of the PES
for H-CO is shown in Fig. 1.4. Secondly, using the constructed PES as input,
we can solve the nuclear part of the Schrödinger equation to get state-to-
state cross sections for scattering systems. The details are presented in the
next Subsec. 1.2.2. Then, we illustrate how to get rate coefficients from calcu-
lated cross sections. Because full quantum mechanical calculations are pro-
hibitively expensive, astronomers use extrapolation to obtain the required
rate coefficients from a limited set of known data. An extrapolation method
that is currently in use has inherent defects, so in the last part of this sub-
section we introduce a new extrapolation method to enlarge the number of
rate coefficients.
Figure 1.4: The H-CO potential energy surface with CO fixed at the equilibrium
distance r = 2.1322a0.
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1.2.1 Solving the electronic Schrödinger equation
In this subsection, we briefly introduce the ab initio electronic structure
methods for single energy calculations that we used in the construction
of PES.
The Hartree Fock (HF) method is the simplest approach to solve the multi-
electron Schrödinger equation in a stationary state for the wave function
and the energy. The essence of HF theory is that the multi-electron system
is treated as a one-electron problem by averaging the electron-electron inter-
action, so that each electron moves independently in the field of the other
electrons. This is known as the mean field approximation. Then, we can
define a one-electron effective Hamiltonian operator known as the Fock op-
erator Fˆ (the same for all electrons), and solve the one-electron Schrödinger
equation
Fˆ i = ✏i i, (1.3)
where  i is a set of one-electron wave functions, called the HF molecular or-
bitals, and ✏i are the energies of these molecular orbitals. When considering
the spin, the  i should be replaced by spinorbitals  i. The HF approxima-
tion assumes that the wave function of the multi-electron system is given
by a single Slater determinant containing all occupied HF molecular spinor-
bitals  i. Such a determinant wave function is antisymmetric with respect
to the interchange of the coordinates of two electrons and satisfies the Pauli
exclusion principle. Application of the variational method, with the restric-
tion that the (spin)orbitals remain orthogonal, yields the HF equation (1.3).
Since the Coulomb and exchange terms in the Fock operator Fˆ depend on all
occupied orbitals, the HF equation has to be solved iteratively, in a so-called
self-consistent field (SCF) procedure. Because of the antisymmetry of the de-
terminant wave function the HF method takes into account some correlation
between electrons with parallel spin, but completely ignores the correlation
between electrons with opposite spin. The HF method is the starting point
for most methods that treat electron correlation problem.
In the following, we briefly introduce the coupled cluster method, a post-
HF method, which is one of the most prevalent ab initio quantum chemistry
methods, and used in the construction of our PES. The basis ansatz of cou-
pled cluster theory is
 CC = exp(Tˆ) HF, (1.4)
where  CC and  HF are the coupled cluster wave function and the HF (deter-
minant) wave function, respectively. The exponential operator exp(Tˆ) can
be expanded as
exp(Tˆ) = 1+ Tˆ +
Tˆ 2
2!
+
Tˆ 3
3!
+ · · · =
1X
K=0
TˆK
K!
. (1.5)
The cluster operator Tˆ can be written as
Tˆ = Tˆ1 + Tˆ2 + Tˆ3 + · · ·+ TˆN, (1.6)
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where Tˆ1 is the operator of all single excitations, Tˆ2 stands for the operator
of all double excitations, etc. The total energy and the coupled cluster wave
function up to a certain excitation level n can be obtained by substitution
of this wave function into the Schrödinger equation, and projection of the
equation onto the manifold of all n-tuply excited determinants. This yields
a set of coupled non-linear equations that can be solved self-consistently.
In principle, coupled cluster theory can provide the exact solution to the
time-independent Schrödinger equation. In practice, the operator Tˆ should
be truncated at a certain level of excitation, balancing computational expen-
diture and accuracy. It is most common to truncate at the double excitation
level Tˆ1 + Tˆ2 and to take into account the effect of triple excitations Tˆ3 by
perturbation theory, which gives the so-called single and double excitation
coupled cluster method with perturbative triples (CCSD(T)) method. This is
the method that we used in our work.
The coupled cluster method belongs to the single-reference methods, be-
cause the exponential ansatz includes only one reference function  HF. The
coupled cluster method is not variational, but in contrast with variational
methods such as configuration interaction (CI) it is size-consistent. Size-
consistency implies that the energy of a system AB becomes equal to the
sum of the energies of the subsystems A and B when they are moved in-
finitely far away from each other. This makes the CCSD(T) method suitable
for the calculation of interaction energies between atoms and/or molecules.
Beside the coupled cluster method, there are many other post-HF meth-
ods, such as CI, Møller-Plesset (MP) perturbation theory, quantum chemistry
composite methods and so on. Also density functional theory (DFT) is an
often applied option for ab initio electronic structure calculations. All these
methods have their advantages and shortcomings and one should choose
one or more methods suitable for specific applications. To calculate the in-
teraction of CO with a hydrogen atom H CCSD(T) is a good option, because
it is known to yield accurate interaction energies and it is size-consistent.
When the H-CO interaction energies are obtained from electronic structure
calculations for many (fixed) nuclear geometries of the H-CO complex, we
can fit them to an analytic function of the nuclear coordinates to construct
the PES. This process is illustrated in Chap. 2.
1.2.2 Solving the nuclear Schrödinger equation
Here we briefly describe how to solve the nuclear part of the Schrödinger
equation for inelastic collisions. First, to understand this physical process,
we classically illustrate the key vectors of the collision between a diatomic
molecule and a structureless atom in Fig. 1.5. The vector j is the rotational
momentum of the diatomic molecule and l, associated with relative motion
of the partners, is called the orbital angular momentum. With and without
prime we distinguish the final and initial states. The conservation of total
angular momentum J is required in the whole process, so that J = j+ l =
j0+ l0. Because we consider inelastic collisions, there is interchange between
Preliminary version – January 29, 2016
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the kinetic energy of the relative motion, i.e., the collision energy, and the
Figure 1.5: Key vectors in inelastic collision of a diatomic molecule with an atom.
Left: before collision. Right: after collision. Figure from Ref. [11].
vibrational and/or rotational energy of the molecule. Our aim is to solve
the nuclear Schrödinger equation quantum-mechanically to yield the state-
to-state cross sections and finally to provide rate coefficients contributing
to the astronomic database.
The nuclear Hamiltonian in a body-fixed (BF) frame for the atom-diatom
complex can be written (in atomic units) as
Hˆ = -
1
2µR
@2
@R2
R+
Jˆ2 + jˆ2 - 2jˆ · Jˆ
2µR2
+ Vint(r,R, ✓) + Hˆdiatom, (1.7)
where µ is the reduced mass of the complex, r is the diatom bond length,
and R is the length of the vector R that connects the atom with the center
of mass of the diatom. The angle ✓ is the angle between the vector R and
the diatom bond axis, Vint(r,R, ✓) is the PES of the atom-diatom interaction
obtained by solving the electronic Schrödinger equation. The operator
Hˆdiatom = -
1
2µdiatomr
@2
@r2
r+
jˆ2
2µdiatomr2
+ Vdiatom(r) (1.8)
is the Hamiltonian of the diatomwith the reduced mass µdiatom and Vdiatom(r)
is the PES of the free diatom.
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To solve the time-independent Schrödinger equation, Eq. 1.2, with the
Hamiltonian of Eq. 1.7, the wave functions are expanded in the BF angular
basis |ni as
  =
1
R
X
n
|ni n(R), (1.9)
where  n(R) are functions of the radial coordinate. Projecting the resulting
equation with hn0| gives the coupled channel equations
@2
@R2
 n0(R) =
X
n
⌦
n0
   Wˆ |ni n(R), (1.10)
where the operator Wˆ is defined as Wˆ = 2µ(Hˆ- Tˆrad - E) and Tˆrad is the
radial kinetic energy term, the first term in Eq. 1.7.
The detailed derivation of the coupled channel equations is described
in Sec. 4.2 of Chap. 4. Here, we will present the numerical algorithm to
solve these coupled second-order ordinary differential equations in practice.
When we collect the functions  n(R) in the column vector  (R), we can
write Eq. 1.10 in matrix form as
 00(R) = W(R) (R). (1.11)
We use the renormalized Numerov algorithm [12, 13]. First, the radial co-
ordinate R is discretized into an equidistant grid of points Ri(i = 0, . . . ,m)
with step size   = Ri - Ri-1. Secondly, we expand the wave functions  i
(an abbreviation of  (Ri)) and  i-1 in a Taylor series
 i-1 =  i - 
0
i +
1
2
 00i 
2 -
1
6
 
(3)
i  
3 +
1
24
 
(4)
i  
4 -
1
120
 
(5)
i  
5 +O( 6)
(1.12)
 i+1 =  i + 
0
i +
1
2
 00i 
2 +
1
6
 
(3)
i  
3 +
1
24
 
(4)
i  
4 +
1
120
 
(5)
i  
5 +O( 6).
(1.13)
In the third step, we add Eqs. 1.12 and 1.13
 i-1 + i+1 = 2 i + 
00
i 
2 +
 
(4)
i
12
 4 +O( 6) (1.14)
and rearrange the terms
 00i =
 i-1 - 2 i + i+1
 2
-
 
(4)
i
12
 2 +O( 4), (1.15)
where  (4)i can be written as
 
(4)
i = ( 
00
i )
00 = (Wi i)00 =
Wi-1 i-1 - 2Wi i +Wi+1 i+1
 2
+O( 2). (1.16)
Preliminary version – January 29, 2016
10 introduction
Then, we substitute Eqs. 1.15 and 1.16 into Eq. 1.14 and after some rewriting
obtain the following recursion formula
(I-
 2
12
Wi+1) i+1 = 2(I+
5
12
 2Wi) i - (I-
 2
12
Wi-1) i-1 +O( 6), (1.17)
where I is the identity matrix. In the next step, we define Fi = I-  
2
12Wi and
substitute Fi into Eq. 1.17, while neglecting the O( 6) terms. This yields a
recursion formula for  i. Finally, we define the Q matrix as  i = Qi+1 i+1,
substitute it into Eq. 1.17 and rearrange the equation to get the recursion
relation,
Qi+1 = (12I- 10Fi - Fi-1Qi)-1Fi+1. (1.18)
The above equation is the basic relation of the renormalized Numerov
method, by which the matrix Qi can be propagated. Equation 1.18 can be
solved to obtainQm once the initial valueQ1 is specified. In scattering prob-
lems, the initial  0 is commonly set to zero while  1 is not zero, so that the
initial Q1 is zero.
After the propagation of Q from R1 to Rm one assumes that Rm-1 and Rm
are sufficiently large to make the interaction energy, i.e., the third term in
Eq. 1.7, negligibly small. Then, the exact solutions of the nuclear Schrödinger
equation in the space-fixed (SF) frame are linear combinations of the proper
spheric Bessel functions [14]. K matrix boundary condition are applied by
requiring that
 
(SF)
m-1 = Bm-1 -Gm-1K (1.19)
 
(SF)
m = Bm -GmK, (1.20)
where the matrices Bi and Gi are related to spherical Bessel functions
jl(knRi) and yl(knRi) of the first and second kind as follows:
Bi = Bn,l,n0,l0(Ri) =  nn0 ll0Rijl(knRi) (1.21)
Gi = Gn,l,n0,l0(Ri) =  nn0 ll0Riyl(knRi). (1.22)
The spherical Bessel functions are labeled by the SF end-over-end rotational
quantum number l, which has become a good quantum number at such
large separation. The wave number kn is calculated by k2n = 2µ(E- ✏n)/ h2,
where the channel energies ✏n are the eigenvalues of Hˆdiatom in Eq. 1.8 and
E is the total energy. When dividing Eq. 1.19 by Eq. 1.20, we obtain the
relation between the K matrix and the SF Q matrix
Q(SF)m =  
(SF)
m-1( 
(SF)
m )
-1 = (Bm-1 -Gm-1K)(Bm -GmK)-1. (1.23)
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Because the spherical Bessel functions are well known, the K matrix can be
calculated if the matrix Q(SF)m is available. We can transform the propagated
BF Q(BF)m to a SF Q
(SF)
m with the unitary matrix U = hBF|SFi,
Q(SF)m = U†Q
(BF)
m U. (1.24)
The BF basis is labeled by (j,K), where K is the projection of the total angular
momentum J and, simultaneously, of the rotational quantum number j of
the diatomic molecule on the BF z-axis. The SF basis is labeled by (j, l) and
the elements of the unitary transformation matrix are given by
UjK,jl = hBF|SFijK,jl =
8>>>><>>>>:
(-1)j-l+K
p
2l+ 1
 
j l J
K 0 -K
!
if K = 0
((-1)j-l+K + p(-1)K)
p
l+ 1/2
 
j l J
K 0 -K
!
if K > 0.
Here, p is the parity. From Eqs. 1.23 and 1.24 we can then obtain the K
matrix. The S matrix, defined as
S = (I- iK)-1(I+ iK), (1.25)
includes all the information to deduce the state-to-state collision cross sec-
tions. When we consider ro-vibrationally inelastic atom-diatom collisions,
with v being the vibrational quantum number of the diatom, the cross sec-
tions collisions are given by
 v,j!v0,j0(Ev,j) =
⇡
(2j+ 1)k2v,j
X
J
(2J+ 1)
J+jX
l=|J-j|
J+j0X
l0=|J-j0|
    vv0 jj0 ll0 - S(J)vjl,v0j0l0    ,
(1.26)
where Ev,j = E- ✏v,j is the collision energy and kv,j is the wave number of
the incoming channel with collision energy Ev,j.
The rate coefficient is the thermal average of the product of the cross
section and the relative velocity of the colliding particles. State-to-state rate
coefficients can be calculated from the following formula
rv,j!v0,j0(T) =
✓
8kBT
⇡µ
◆1
2 1
(kBT)
2
Z1
0
 v,j!v0,j0(Ev,j)exp
✓
-
Ev,j
kBT
◆
Ev,jdEv,j,
(1.27)
where kB is the Boltzmann constant and T the gas temperature. These cal-
culated rate coefficients can be used as inputs for astrophysical modelling.
1.3 co collisions with its partners h , he and h2
Carbon monoxide, as the second most abundant molecule in the Universe,
is often used as a tracer for the many regions where it resides as illustrated
Preliminary version – January 29, 2016
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Figure 1.6: Pure rotational inelastic cross sections for the transition v = 0, j = 1 !
v0 = 0, j0 = 0 based on four different potential energy surfaces. Figure
from Ref. [15]
in Sec. 1.1. Its main collision partners H, He, and H2 are widespread and
abundant species in the Universe as well.
The complexes formed by CO and its main partners do not have the same
chemical properties. The He-CO and H2-CO complexes are bound only by
weak van der Waals forces with binding energies of about 23 cm-1 and 94
cm-1, respectively. By contrast, the H-CO complex is a chemically bound
species with the much larger binding energy of 6738 cm-1 (0.835 eV). In
addition, the H-CO complex has a barrier to dissociation into H + CO with
a height of 1138 cm-1 (0.141 eV), whereas there is no such barrier in He-
CO and H2-CO. These properties make the H-CO complex very different,
and make it much more difficult to calculate collision cross sections than in
the other cases. No accurate and complete collision cross sections and rate
coefficients have been available for the H-CO system. Recent astrophysical
modelling [9] utilized vibrational and rotational rate coefficients calculated
by Balakrishnan et al. [16], which are based on the three-dimensional (3D)
Werner-Keller-Schinke (WKS) H-CO potential [17, 18]. However, Shepler et
al. demonstrated that the inaccurate long range part of the WKS potential
seriously affects the precision of pure rotational collision cross section and
rate coefficients. [19] As illustrated in Fig. 1.6, Yang et al. [15] recently pre-
sented rotational cross sections based on the WKS potential that differ sig-
nificantly from values based on two-dimensional (2D) multi-reference con-
figuration interaction (MRCI) and CCSD potentials [19]. This discrepancy
confirmed the inaccuracy of the long range part in the WKS potential. Thus,
a new 3D H-CO potential with an accurate long range part was needed
and new cross sections and rate coefficients were required for astrophysical
modelling.
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For the He-CO system, pure rotational quenching rate coefficients with
initial rotation quantum numbers j up to 14 at temperatures of 5 K 6
T 6 500 K and vibrational de-excitation rate coefficients with initial vi-
brational quantum numbers v up to 6 for a temperature range of T =
500- 1300 K were reported by Cecchi-Pestellini et al. [20]. Moreover, var-
ious ro-vibrational cross sections and rate coefficients were published for
different transitions and temperature ranges [21, 22, 23, 24, 25, 26]. For the
H2-CO system, Yang et al. [27] reported pure rotational quenching rate co-
efficients from initial states with j = 1- 40 for a gas temperature range of
T = 1-3000 K. Reid et al. [28] presented cross sections for the ro-vibrational
deactivation of CO (v = 1) by inelastic collisions with H2 for temperatures
30 K 6 T 6 300 K.
Ideally, we would like to compare calculated cross sections for H+CO
with experimentally determined values. However, a crossed molecular beam
experiment on H-CO is extremely hard, because it is difficult to produce a
beam of pure H atoms. Experiments of this type are planned by the Molec-
ular and Laser Physics group in the Radboud University, which already
provided data on the easier CO-He, CO-Ar, and CO-H2 systems. They mea-
sured differential cross sections (DCSs) and polarization-dependent differ-
ential cross sections (PDDCSs) using the velocity map imaging (VMI) tech-
nique combined with (1+10) and/or (2+1) resonance enhanced multiphoton
ionization (REMPI) detection of CO in its different final states. We also calcu-
lated DCSs and/or PDDCSs for these systems from available ab initio PESs
to compare with their experimental data. The differential cross section (DCS)
reveals the pair correlation between the initial and final velocity vectors, k
and k0, while the polarization-dependent differential cross section (PDDCS)
reveals the triple correlation between the initial and final velocities and the
orientation of the final rotational angular momentum j0. [29] This informa-
tion is valuable to understand the collision dynamics in detail, and to check
the accuracy of the PES used to describe the intermolecular and intramolec-
ular interactions.
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2
H-CO POTENT IAL ENERGY SURFACE
In this chapter, we present an ab initio potential for the H-CO(eX 2A 0) com-
plex in which the CO bond length is varied and the long range interac-
tions between H and CO are accurately represented. It was computed using
the spin-unrestricted open-shell single and double excitation coupled clus-
ter method with perturbative triples [RHF-UCCSD(T)]. Three doubly aug-
mented correlation-consistent basis sets were utilized to extrapolate the cor-
relation energy to the complete basis set limit. More than 4400 data points
were calculated and used for an analytic fit of the potential: long range
terms with inverse power dependence on the H-CO distance R were fit to
the data points for large R, the reproducing kernel Hilbert space method
was applied to the data at smaller distances. Our potential was compared
with previous calculations and with some data extracted from spectroscopy.
Furthermore, it was used in three-dimensional discrete variable representa-
tion calculations of the vibrational frequencies and rotational constants of
HCO, which agree very well with the most recently measured data. Also
the dissociation energy D0 = 0.623 eV of HCO into H + CO obtained from
these calculations agrees well with experimental values. Finally, we made
preliminary two-dimensional calculations of the cross sections for rotation-
ally inelastic H-CO collisions with the CO bond length fixed and obtained
good agreement with recently published two-dimensional results.
Lei Song, Ad van der Avoird, and Gerrit C. Groenenboom, Three-dimensional
ab initio potential energy surface for H-CO(eX 2A 0), J. Phys. Chem. A, 117, 7571
(2013)
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2.1 introduction
As the second most abundant molecule in the universe, carbon monoxide
is typically observed in star-forming regions and protoplanetary disks, and
in external galaxies. It is commonly used as a tracer of physical conditions
in the regions where CO infrared emission is observed. To extract astro-
physical parameters from the observed spectral lines, it is often not appro-
priate to assume LTE in the dilute gas of astronomical sources. Non-LTE
methods used to analyze the available observations require collisional rate
coefficients. [30, 31] The interpretation of the observed CO spectral lines
critically relies on the collisional rate coefficients of CO with the dominant
collision partners: H, H2, and He. [32, 33] These rate coefficients can be
obtained from scattering calculations based on potentials of CO with its
collision partners, thus accurate PESs are urgently needed.
Compared with CO-H2 or CO-He, the interaction between CO and H
is relatively strong and the equilibrium CO bond length in HCO is sub-
stantially larger than in free CO. Hence, a 3D potential with CO bond
length dependence is needed. Pioneering work on the dynamics of HCO
based on the 3D BBH potential constructed by Bowman, Bitman, and Hard-
ing was carried out by Bowman and coworkers [34, 35, 36]. Werner et al.
discovered later that the BBH potential and its empirically modified ver-
sions [35, 36] did not reproduce well the spectroscopic data of Tobiason et
al., [37] so they developed the 3D WKS potential [17, 18]. This potential was
based on elaborate high-quality complete active space self-consistent field
(CASSCF) and MRCI calculations, with special attention for the conical inter-
sections between the potentials of different electronic states. Much theoreti-
cal [17, 18, 34, 35, 36, 38, 39, 40] and experimental [37, 41, 42, 43, 44, 45, 46]
work has been devoted to the study of resonances that play an important
role in the photodissociation of HCO into H + CO. Classical and (approx-
imate) quantum mechanical scattering calculations [47, 48, 49] studying
the rotational and vibrational (de)excitation of CO in collisions with hot
H atoms have been performed with both the BBH and WKS potentials. It
was found that the well region of the potential is important especially for
vibrationally inelastic collisions, and that the rotationally inelastic scatter-
ing cross sections deviated from experimental data probably because the
van der Waals region of the potential was insufficiently accurate.
In this chapter we focus on the lower energy region of the HCO potential
surface. The cross sections for rotational and vibrational (de)excita- tion of
CO in collisions with H atoms are important for astrophysical modeling.
Shepler et al. [19] have shown recently that the rotationally inelastic H-CO
collision cross sections critically depend on the long-range behavior of the
PES, especially for collisions at low energies. Calculations on the WKS poten-
tial produced much larger values of these cross sections than on the BBH
potential and also disagree with the cross sections computed by Shepler
et al. on their CCSD(T) and MRCI potentials. The analysis in Ref. [19] shows
that the reason for this discrepancy is that the WKS potential does not reflect
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well the anisotropic long-range van der Waals interaction. Shepler et al. paid
much attention to make their potentials describe the correct long-range be-
havior, but they only produced 2D potentials [19] with the CO bond length
fixed.
The goal of this work is to provide an accurate 3D ab initio potential en-
ergy surface of the H-CO complex in the ground state (eX 2A 0) with explicit
consideration of the long-range behavior. Details of the ab initio electronic
structure calculations are given in the next section. Section 2.3 describes the
fit procedure and shows the accuracy of the fit. In Sec. 2.4.1, we present our
potential, compare it with previous studies, and discuss some properties.
Furthermore, we compare in this section the rotationally inelastic H-CO
collision cross sections computed on our potential with results obtained on
the 2D potentials of Shepler et al. In Sec. 2.4.2 we use our potential surface
to compute the vibrational frequencies and rotational constants of HCO by
means of a 3D discrete variable representation (DVR) method, and we show
that they are in good agreement with the best available experimental data.
The conclusion and outlook are given in Sec. 2.5.
2.2 ab initio calculations
In order to explore the structure of the global potential energy surface,
we first performed state-averaged CASSCF [50, 51] calculations. The goal
of these calculations was to identify conical intersections of the ground
state potential of A 0 symmetry with the potentials that correlate with the
lowest excited ⇧ state of CO. Starting with orbitals from restricted Hartree-
Fock (RHF) calculations in an augmented correlation-consistent polarized
valence quadruple-⇣ (aug-cc-pVQZ) basis [52] we performed three-state av-
eraged full valence CASSCF calculations with 11 electrons in 9 active or-
bitals. They revealed the existence of a conical intersection at nonlinearity,
in addition to those that were already found at the linear H-CO and CO-H
structures [17, 18]. However, all of these intersections occur at considerably
higher energies than the lowest conical intersection identified by Werner
et al., which occurs at approximately 1.4 eV ⇡ 11000 cm-1 above the H +
CO asymptotic limit [17, 18]. Since we are interested in H-CO collisions for
rotational and v = 0 ! 1 vibrational (de)excitation of CO at lower colli-
sion energies we may assume that we only need the ground state potential
of A 0 symmetry in the energy region well below all conical intersections.
Full CASSCF and MRCI calculations as performed by Werner et al. [17, 18]
are therefore not needed. On the other hand, we wish our potential to be
especially accurate in the long-range, so we had to use a method that is
size-extensive (see Ref. [53], Sec. 13.3). We adopted the spin-unrestricted
open-shell single and double excitation coupled cluster method [54, 55]
with perturbative triples [56] [UCCSD(T)], with the molecular orbitals from
RHF calculations. Some further discussion on the effects of the conical in-
tersections is given below, after the presentation of our calculated potential
and its analytic fit.
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Figure 2.1: Jacobi coordinates for H-CO; Q denotes the CO center of mass.
The ab initio electronic structure calculations were performed with the
MOLPRO 2000 package.[57] Doubly augmented correlation-consistent d-
aug-cc-pVnZ basis sets [52] were used with n = 3, 4, and 5, and the corre-
lation energy was extrapolated to the complete basis set (CBS) limit [58, 59].
The H-CO interaction energy was calculated with the Boys and Bernardi
counterpoise correction to avoid the basis-set superposition error [60] (BSSE),
i.e., the interaction energies were determined as EHCO-ECO-EH, with the
H and CO monomers computed in the same one-electron basis as the H-
CO dimer. In total, we calculated 4428 interaction energies: 3744 grid points
used in the fit and 684 random points to test the fit.
The grid is based on three Jacobi coordinates, shown in Fig. 2.1: the CO
bond length r, the distance R, i.e., the length of the vector R pointing from
the center of mass of CO to the H nucleus, and the angle ✓ between R and
the CO axis r. For ✓ we employed 13 Gauss-Legendre quadrature points in
the range from 0  to 180 . We chose 32 points for the R coordinate from
2.0 a0 to 20.0 a0. In the range of 2.0 a0 6 R < 6.0 a0, the step size  R
is 0.2 a0, while  R equals 0.4 a0 in the range of 6.0 a0 6 R < 8.0 a0. A
logarithmically spaced grid with seven points is applied for the range of
8.0 a0 6 R 6 20.0 a0. The vibrational coordinate r is varied from 1.65 a0 to
2.85 a0, including 1.65, 1.85, 2.05, 2.1322, 2.20, 2.25, 2.45, 2.65, 2.85 a0.
We note that the RHF-UCCSD(T) method is a single-reference electron
correlation method, which will fail near the conical intersections and in the
CO bond dissociation region. The so-called T1 diagnostic [61, 62, 63] is a
measure for the amount of multireference behavior; the larger the value
of this T1 diagnostic, the less reliable the results from the single-reference
electron correlation method are. In this work, we removed or reduced the
weight of five ab initio points, because of their bad T1 diagnostic (ranging
from 0.085 to 0.142).
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2.3 fit procedure
The 3D H-CO potential is written as the sum of the CO diatomic potential
and the interaction energy between H and CO,
VHCO(r,R, ✓) = VCO(r) + Vint(r,R, ✓). (2.1)
The CO diatomic molecule potential VCO(r) was obtained from the vibra-
tional energies Gv and rotational constants Bv measured by Le Floch [64] by
means of the first-order semiclassical Rydberg-Klein-Rees (RKR) procedure,
as implemented by Le Roy [65]. The analytical H-CO interaction potential
Vint(r,R, ✓) was obtained from a fit to our ab initio RHF-UCCSD(T) H-CO
interaction energies. We first fitted its ✓-dependence, then its R-dependence,
and finally its r-dependence, with the following procedure.
The ✓-dependence of the interaction energy for each of the (r,R) points
was expanded as
Vint(r,R, ✓) =
12X
l=0
Vl(r,R)Pl(cos ✓), (2.2)
where the Pl(cos ✓) are Legendre polynomials with l = 0 - 12. The ex-
pansion coefficients Vl(r,R) are calculated by means of a 13-point Gauss-
Legendre quadrature when the vibrational coordinate r is 6 2.20 a0. For
larger r, five points with T1 diagnostic larger than 0.085 were removed or
weighted by a factor less than 0.01 in the fit process. In this case, the Gauss-
Legendre quadrature grid is incomplete, so another method is needed. We
employed the linear least-squares fitting procedure with Tikhonov regular-
ization [66] in which the term ↵
P
l |l
2Vl(r,R)|2 is added to the residual. The
factor ↵ was set to 10-10 to ensure that strong oscillations (associated with
large l values) are damped out in the fit.
Then, we represented the coefficients Vl(r,R) by analytical functions of R,
for each value of r. For the terms with l 6 5, the long-range and short-range
contributions were fit separately, and summed
Vl(r,R) = V
(lr)
l (r,R) + V
(sr)
l (r,R). (2.3)
The dominant long-range interactions between H and CO are dispersion
forces. Smaller contributions are the interactions between the (small) dipole
and higher multipoles of CO and the multipole moments induced on the H
atom. From perturbation theory with the interaction operator in the multi-
pole expansion it follows that all of these long-range interactions depend on
the H-CO distance as R-n, with the leading term having n = 6. The theory
shows, moreover, [67] that this leading power n depends on the anisotropy
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Table 2.1: Coefficients V(lr)nl (r) [in Eh a
n
0 ] of the long-range R
-n terms in Eq. (2.4)
obtained from our fits, see Sec. 2.3, with l denoting the indices of the
Legendre polynomials Pl(cos ✓) that represent the angular dependence
of the potential.
r V6,0 V6,2 V7,1 V7,3 V8,4 V9,5
1.65 18.62154 0.62830 -81.20027 -1.27329 4.35816 -61.11080
1.85 19.58438 0.75523 -75.33132 0.69718 0.31787 2.50351
2.05 20.90374 1.06060 -70.39766 2.72797 3.89982 290.03122
2.1322 21.22015 1.42621 -70.30271 4.75132 -22.07285 230.87453
2.20 21.83178 1.69050 -60.18380 3.94278 -45.09345 -1267.90953
2.25 22.09369 1.63455 -65.00574 4.60370 -20.28939 188.78523
2.45 23.80770 2.58206 -63.52498 4.47302 3.20559 247.74622
2.65 25.32512 3.50240 -64.28439 2.06188 -0.55607 -44.36051
2.85 25.56625 4.61577 -68.00236 0.90311 -9.14573 -85.05427
of the interaction, as defined by the index l in the angular expansion of
Eq. 2.2. We took this relation into account in our fit of the analytic form
V
(lr)
l (r,R) =
X
n
-V
(lr)
nl (r)fn( R)R
-n, (2.4)
to the long-range data for R > 10a0. Only terms with even n+ l were in-
cluded. For l = 0, 2 the inverse powers n of R-n start with ni = 6, while
for l = 1, 3 the first term has ni = 7. When l > 4, n begins with ni = l+ 4.
Only the leading term with R-ni was included in V(lr)l (R, r); the coefficient
V
(lr)
nil
(r) of this term was obtained from a least-squares fit of the first two
terms with R-ni and R-ni-2 in Eq. 2.4 to the energies at the five long-range
R values with R > 10a0. The coefficient of the second term changed consid-
erably when this fit was restricted to a subset of these long-range R values,
while that of the leading term remained practically the same. Therefore, we
included only the latter. The long-range coefficients V(lr)nl (r) obtained from
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our fits for all values of r are listed in Table 2.1. The functions fn( R) are
Tang-Toennies damping functions [68] defined as
fn(x) = 1- e-x
nX
k=0
xk
k!
(2.5)
with x =  R and the parameter   set to 2.0 a-10 . They suppress the singular
behavior of the long-range terms in the short range. No explicit long-range
contributions were calculated for l > 5.
After subtraction of the long-range contributions with l 6 5 from Vl(r,R)
the short-range contributions V(sr)l (r,R)were obtained for each value of r by
interpolation over the full range of R with the reproducing kernel Hilbert
space (RKHS) method [69, 70]. The smoothness parameter n of the RKHS
method, (see Eq. 9 in Ref. [69]), was fixed to 2, while the RKHS parameterm
that determines the asymptotic behavior of V(sr)l (r,R)was chosen to depend
on the value of l. For l 6 5,m was set to ni + 1, so V(sr)l (r,R) decays asymp-
totically as R-ni-2. For l > 5, where no separate long-range contributions
were calculated, m was set to ni - 1, so that Vl(r,R) decays as R-ni .
Finally, the values of the potential Vint(rp,Ri, ✓j) on the grid points rp,
calculated at arbitrary values of Ri, ✓j with the functions obtained from the
previous fits in ✓ and R, were fitted to a polynomial expansion
Vint(r,Ri, ✓j) =
5X
k=0
Ck(Ri, ✓j)Pk(Ar+B). (2.6)
The orthogonal polynomials Pk(Ar+ B) are Legendre polynomials in the
coordinate Ar+ B with scaling parameters A and B chosen such that the
range 1.65 a0 6 r 6 2.85 a0 is linearly mapped onto the required interval
from -1 to +1. The expansion coefficients Ck(Ri, ✓j) were obtained from a
weighted linear least-squares fit. Points with higher energies (Vint > 0.1 Eh)
are less important in bound state and lower energy scattering calculations,
so we chose an exponentially decreasing weight
w = e- (Vint-0.1) (2.7)
for those points, with   = 4 and all quantities in the exponent given in
Eh. The fit accuracy and the correct short-range repulsive behavior are con-
served by this procedure.
The accuracy of the fit was tested in two ways. First, by comparison of
potential energies from the fit with the ab initio values used, for all data
points with Vint(rp,Ri, ✓j) 6 0.1 Eh, but with the exclusion of the five points
that had bad T1 diagnostics. The root-mean-square error (RMSE) defined by
RMSE =
vuut 1
n
X
p,i,j
  Vfitint(rp,Ri, ✓j)- Vab initioint (rp,Ri, ✓j)  2 (2.8)
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Figure 2.2: Empirical RKR potential VCO(r) (solid line) and calculated RHF-
UCCSD(T) potential (dashed line), with the v = 15 vibrational wave
function calculated on the RKR potential.
is 1.31⇥ 10-4 Eh for 2944 points in the short and middle range (2.0 a0 6
R 6 10.0 a0). The RMSE relative to the mean absolute values of Vint for
each value of R in this range is 0.29%. For the long range (R > 10.0 a0),
the absolute RMSE is 2.66⇥ 10-9 Eh for 585 points and the relative RMSE
is 0.20%. Secondly, we calculated 684 additional random points to test the
fit. With the exclusion of the points with energy Vint > 0.1 Eh or bad T1
diagnostics (> 0.085), 662 random points were used in this analysis. The
RMSE is 3.25⇥ 10-4 Eh over 294 points in the short and middle range, and
2.61⇥ 10-8 Eh over 368 points in the long-range; the overall relative RMSE
is 0.56%.
2.4 results and discussion
In order to check first for how large an r value we can still trust the RHF-
UCCSD(T)/CBS method used to compute our 3D H-CO potential and how
accurate the RHF-UCCSD(T) potential is, we computed the vibrational lev-
els and wave functions of the free CO molecule on the empirical RKR poten-
tial and on a potential computed for free CO by the same RHF-UCCSD(T)/
CBS method as used in the calculations on H-CO. Figure 2.2 shows the two
potentials; for all r up to 3.05 a0 they agree very well with each other. The
calculations of the vibrational states were performed with the sinc-function
discrete variable representation (sinc-DVR) method [71, 72]. The vibrational
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wave function of CO with v = 15 is shown in Fig. 2.2. With the vibra-
tional wave functions obtained, we also calculated the rotational constants
Bv of the different vibrational states v, and we compared the vibrational
transition frequencies Gv - Gv-1 and rotational constants Bv with the ex-
perimental data [73, 74]. For v 6 15, the relative errors in Gv -Gv-1 from
the empirical RKR potential derived from these frequencies are less than
0.001%; the errors in the ab initio results based on the RHF-UCCSD(T) po-
tential are less than 0.3%. The relative errors in Bv with respect to the ex-
perimental values [64, 75] are less than 0.02% for the RKR potential and less
than 0.5% for the RHF-UCCSD(T) potential. This assessment shows that the
RHF-UCCSD(T)/CBS method yields accurate potentials and that it is still
reliable up to r = 3.05 a0. Furthermore, it confirms the accuracy of the semi-
classical RKR potential which is used as a building block in our 3D H-CO
potential.
2.4.1 Potential surface
Figure 2.3 shows a 2D contour map of the H-CO potential in milli-hartree
(mEh) with r fixed at the experimental equilibrium bond length [64] re =
2.1322 a0 of the free CO molecule. The minimum (with depth -26.58 mEh)
marked with the black cross occurs at R = 3.007 a0 and ✓ = 144.8 . The cor-
responding properties of the full 3D potential VHCO are given in Table 2.2.
The global minimum in the 3D potential has a depth of -30.70 mEh and
corresponds to a stable HCO structure with RCH = 2.115 a0, r = 2.221 a0
and \HCO = 124.6  in valence coordinates. The corresponding Jacobi co-
ordinates are R = 3.021 a0 and ✓ = 144.8 . This minimum is deeper by 4.12
mEh than the minimum in the 2D potential with r fixed at re, and the CO
bond is substantially stretched. Table 2.2 shows that there is also shallow
local minimum corresponding to a metastable HOC structure with energy
+37.0mEh. Table 2.3 lists the geometry and height of the barrier to linearity
(with ✓ = 180 ). We find a barrier of 7.961 mEh located at r = 2.232 a0 and
RCH = 2.019 a0 in valence coordinates, which corresponds to R = 3.294 a0
in Jacobi coordinates. Our results are in good agreement with previous
theoretical values of Werner et al. and Keller et al. [17, 18] and with the
values of Austin et al. and Johns et al. [76, 77] extracted from experimental
data (see Tables 2.2 and 2.3). It should be kept in mind that the structure
extracted from microwave spectra corresponds to a vibrationally averaged
geometry, while the theoretical data in these tables refer to the equilibrium
geometry. A more direct comparison with experimental data is made when
we discuss the rotational constants obtained from 3D DVR calculations in
Sec. 2.4.2. Our global HCO minimum is slightly deeper than the minimum
in the WKS potential and about equally deep as that in the modified WKS po-
tential obtained by adjusting the WKS potential to some experimental data.
Also the local minimum at the metastable HOC structure agrees well with
that in the modified WKS potential. Our barrier to linearity is somewhat
lower than the barriers in both these potentials. Table 2.4 gives the location
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Figure 2.3: Contour plot of the VHCO potential (in mEh) with r fixed at the (ex-
perimental) equilibrium bond length re = 2.1322 a0 of free CO. Energy
zero is the energy of CO with bond length re and the H atom at infinite
distance R. The black cross marks the minimum of depth -26.58mEh at
R = 3.007 a0 and ✓ = 144.8 , the green cross the barrier to linearity, and
the blue cross the barrier to dissociation of H-CO. The red crosses show
the locations of the local maxima related to the conical intersections
between the ground electronic state and the first excited state.
Table 2.4: Comparison of the barrier for HCO! H + CO dissociation in our poten-
tial, in the WKS potential [17], and in the modified WKS potential [18], in
valence coordinates, as well as the experimental activation energy [78] is
given.
WKS modified WKS Our work Exp.
RCH [a0] 3.503 3.534 3.525
r [a0] 2.148 2.148 2.141
\HCO [deg] 117.1 117.0 116.0
VHCO [mEh]a 6.214 4.608 5.185 3.2± 0.6
a With respect to H and CO at infinite distance and CO at its equilibrium
bond length.
and height of the dissociation barrier of HCO into H + CO or, equivalently,
of the activation barrier of the association reaction. This barrier occurs in
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Table 2.2: Comparison of the global HCO and local HOC minima in our poten-
tial, in the WKS potential [17], and in the modified WKS potential [18],
and experimental values from microwave spectroscopy [76], in valence
coordinates.
WKS modified WKS Our work Exp.
Global HCO minimum
RCH [a0] 2.112 2.110 2.115 2.098
r [a0] 2.234 2.233 2.221 2.213
\HCO [deg] 124.5 124.5 124.6 127.4
VHCO [mEh] -28.9 -30.65 -30.70 -30.92± 0.3a
Local HOC minimum
ROH [a0] 1.845
r [a0] 2.427
\HOC [deg] 107.5
VHCO [mEh] 38.1 37.0
a Obtained from the experimental value of D0 [17, 42] and the zero-point
vibrational energies of HCO and CO from our calculations.
our RHF-UCCSD(T) potential at nearly the same geometry as in the WKS
and modified WKS potentials based on multiconfigurational CASSCF and
MRCI calculations. Our dissociation barrier is lower than in the WKS poten-
tial and slightly higher than in the semiempirically modified WKS potential.
The experimental activation energy [78] is lower than all of these theoretical
values, but it was already pointed out in Ref. [18] that the uncertainty in
the measured value is quite large. To illustrate some of the characteristics
of our potential more clearly, we display in Fig. 2.4 two other cuts of the 3D
potential, with ✓ fixed at 144.8  (upper panel) and 180  (lower panel). These
cuts show the global minimum and the saddle point at linearity.
At this point let us return to our discussion of the conical intersections in
the first paragraph of Sec. 2.2. Our RHF-UCCSD(T) single-reference method
cannot reproduce conical intersections, where the potentials of multiple
electronic states become degenerate, but we find a local maximum in our
A 0 potential close to the location of the lowest conical intersection in the
WKS potential of Werner et al. [17]. The height of this maximum is not much
lower than the energy of the conical intersection in the WKS potential. Also
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Table 2.3: Comparison of the barrier to linearity (\HCO = 180 ) in our potential,
in the WKS potential [17], and in the modified WKS potential [18], and
experimental values from electronic absorption spectroscopy [77], in va-
lence coordinates.
WKS modified WKS Our work Exp.a
RCH [a0] 2.003 2.007 2.019 2.013
r [a0] 2.250 2.248 2.232 2.234
VHCO [mEh] 12.0 9.853 7.961
a The linear saddle point of the eX 2A 0 state is equivalent to the minimum of
the eA2A 00 state at linearity
at the locations of the other conical intersections found in our CASSCF calcu-
lations, we find local maxima in our potential fitted to the RHF-UCCSD(T)
calculations (see Fig. 2.3). Furthermore, it was found in Ref. [17] that for lin-
ear geometries with shorter C-H bond lengths (and C-O bond lengths larger
than the free CO equilibrium distance) the energy of the 2⇧ state is lower
than that of the 2⌃ state, so that the ground state A 0 potential becomes de-
generate with the lowest A 00 potential. The A 00 state goes up in energy when
the system becomes nonlinear, and the A 0 state goes down, so the lowest
energy where these states are degenerate defines the barrier to linearity on
the A 0 potential. Table 2.3 shows that the location of this barrier in our po-
tential based on RHF-UCCSD(T) calculations, is similar to the location of
the barrier in the WKS potential based on CASSCF and MRCI calculations. The
barrier (0.217 eV = 1747 cm-1 above the H + CO limit) in our potential is
34% lower than the barrier in the WKS potential, but only 19% lower than
the barrier in the semiempirically adjusted WKS potential. When the energy
of the system gets close to the height of this barrier one must, in principle,
include the effects of Renner-Teller nonadiabatic coupling between the two
degenerate electronic states.
In order to test our potential in the long range, we calculated integral
cross sections for rotationally inelastic collisions of ground state CO(j = 0)
with H atoms into the final states of COwith j 0 = 1, 2, . . . , 11. We applied the
quantum close-coupling method for collision energies of 400 and 800 cm-1,
and, in order to compare the results on our potential with cross sections
calculated on the 2D H-CO potentials of Shepler et al. [19], CO was consid-
ered as a rigid rotor with r = 2.1322 a0 (or 2.20 a0 for the MRCI potential).
The close-coupling equations were solved with the renormalized Numerov
propagator with R ranging from 2.4 to 20 a0 in steps of 0.02 a0. The calcula-
tions were repeated with the R grid extended to 30 a0 and steps of 0.05 a0,
but the results were practically the same. The channel basis included rotor
functions of CO up to j = 20, and the calculations were made for overall an-
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Figure 2.4: Contour plots of the VHCO potential (in mEh) with ✓ fixed at the equilib-
rium value of 144.8  (upper panel) and at 180  (linear geometry, lower
panel).
gular momenta J = 0- 60. Figure 2.5 shows for H-CO(j = 0! j 0) scattering
that the integral cross sections on our potential indeed show the predicted
[79] propensity for even  j transitions and are in close agreement with the
cross sections calculated on the 2D CCSD(T) and MRCI potentials of Shepler
et al. [19]. Since the latter potentials were also calculated with special atten-
tion for the accuracy in the long range, this confirms that also our potential
is accurate in that region.
2.4.2 Vibrational frequencies and rotational constants of HCO
A series of vibrational frequencies of HCO was obtained from laser photo-
electron spectroscopy of the formyl anion by Murray et al. [41] and with
the use of dispersed fluorescense and stimulated emission pumping spec-
Preliminary version – January 29, 2016
28 h-co potential energy surface
0
2
4
6
8
10
12
In
te
gr
al
 C
ro
ss
 S
ec
tio
n 
(Å
2 )
E = 400 cm−1
our potential
CCSD(T) potential
MRCI potential
0 1 2 3 4 5 6 7 8 9 10 11
0
2
4
6
8
10
12
final j’
In
te
gr
al
 C
ro
ss
 S
ec
tio
n 
(Å
2 )
E = 800 cm−1
our potential
CCSD(T) potential
MRCI potential
Figure 2.5: Integral cross sections for inelastic H-CO(v = 0, j = 0 ! v = 0, j 0)
scattering at collision energies of 400 cm-1 (upper panel) and 800 cm-1
(lower panel), obtained from close-coupling calculations in the rigid
rotor approximation. For comparison with cross sections calculated on
the two-dimensional potentials of Shepler et al. [19] the CO bond length
r was fixed at 2.1322 a0 in our and in the CCSD(T) potential, while in the
MRCI potential r was fixed at 2.20 a0.
troscopy of HCO by Tobiason et al. [37]. The ground-state rotational and
distortion constants were measured by microwave spectroscopy [76] and,
later, by magnetic resonance far-infrared laser spectroscopy [80, 81]. The
best way to check our 3D H-CO potential is to use it in accurate calculations
of the rovibrational states of HCO and directly compare the results with
these experimental data. Actually, the modified BBH potential [35, 36] is
a scaled version of the ab initio BBH potential [34], modified such that the
vibrational frequencies agree better with the experimental data of [41, 43].
Similarly, the modified WKS potential [18] was obtained from the ab initio
WKS potential [17] by scaling to improve agreement with the more recent vi-
brational frequencies of Ref. [37]. The method that we used to compute the
vibrational states of HCO is the 3D DVR method in Jacobi coordinates with
the program of Tennyson et al. [82]. The radial Gauss-Laguerre quadrature
grids contained 20 points in the r coordinate and 25 points in R. For the
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angle ✓ we used 45 point Gauss-Legendre quadrature. In tests with smaller
and larger numbers of DVR grid points we confirmed that the vibrational
levels are converged to about 0.001 cm-1 for the lower levels and to about
0.005 cm-1 for the levels at 5000 cm-1 above the zero-point level.
An important result from these calculations is the vibrational zero-point
energy of HCO. We mentioned above that the binding energy De relative
to the free H atom and the free CO molecule at its equilibrium geometry
Table 2.5: Calculated and experimental vibrational term energies (in cm-1) of the
bound levels of eX 2A 0 HCO (J = 0)a.
Assignment Experimental Calculated Deviation
(0, 0, 1) 1080.76 1079.6 -0.11%
(0, 1, 0) 1868.17 1871.6 0.18%
(0, 0, 2) 2142 2145.2 0.15%
(1, 0, 0) 2434.48 2428.5 -0.25%
(0, 1, 1) 2942 2950.0 0.27%
(0, 0, 3) 3171 3186.2 0.48%
(1, 0, 1) 3476 3464.1 -0.34%
(0, 2, 0) 3709 3719.0 0.27%
(0, 1, 2) 3997 4013.1 0.40%
(0, 0, 4) 4209* 4195.7 -0.32%
(1, 1, 0) 4302 4301.5 -0.01%
(1, 0, 2) 4501* 4478.7 -0.50%
(2, 0, 0) 4570* 4546.0 -0.53%
(0, 2, 1) 4783.2 4797.2 0.29%
aMost of the experimental data are from Tobiason et al. [37], the data
marked with * are from Rumbles et al. [44]. The assignment (v1, v2, v3) is
in terms of the CH stretch level v1, the CO stretch level v2, and the \HCO
bend quantum number v3.
is 30.6973 mEh = 0.8353 eV. The lowest level obtained from the 3D DVR
calculations lies 2794.95 cm-1 = 0.3465 eV above the global minimum in
the potential, in other words the vibrational zero-point energy of HCO is
0.3465 eV. Since we also calculated the zero-point vibrational energy of free
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CO, 0.1341 eV, we obtain the dissociation energy D0 of H-CO: 0.623 eV.
Two values of the H-CO bond enthalpy at 298K have been measured by
Chuang et al. [42] and by Walsch, quoted in Ref. [17]. If these enthalpies
are converted [17] to 0K bond energies, the D0 values are 0.629 ± 0.008
eV and 0.603± 0.009 eV, respectively. Our ab initio value agrees well with
these data. The WKS potential gave D0 = 0.569 eV [17] and the empirically
modified WKS potential gave D0 = 0.620 eV [18].
The vibrational frequencies from the 3D DVR calculations for total angular
momentum J = 0 are listed and compared with the most recent experimen-
tal data [37] in Table 2.5. The agreement with the measured frequencies is
good, nearly as good as for the modified WKS potential and better than for
the modified BBH potential—both these potentials were scaled to get agree-
ment with the experimental vibrational frequencies—and substantially bet-
ter than with the original ab initioWKS and BBH potentials. Furthermore, we
computed the levels for higher rotational states of HCO, up to J = 6. Then,
we extracted the rotational constants A, B, C and the centrifugal distortion
constants  J,  JK,  K of HCO in its vibrational ground state from a fit of the
rotational levels to the eigenvalues of the usual semirigid rotor Hamiltonian
for a prolate near-symmetric top including centrifugal distortion
bHrot = 1
2
(B+C)bJ2 + A- 1
2
(B+C)
 bJ2z + 14(B-C)⇣bJ2+ +bJ2-⌘
+  JbJ4 + JKbJ2bJ2z + KbJ4z, (2.9)
where bJ is the total angular momentum operator, bJz its projection on the
long (a) axis, and bJ± are step-up and step-down operators. The approxi-
mate quantum number K is the eigenvalue of bJz. We did not include off-
diagonal centrifugal distortion terms, because their effect on the energy
levels is smaller than the remaining convergence error of the rotational lev-
els calculated. It turned out that also  J and  JK are very small (as they are
experimentally [80]) and not well converged; the distortion constant  K is
significant, however.
Table 2.6 gives the results and their comparison with the experimental
data [80, 81]. Small variations occur in the values of A, B, and C fit to our
rotational levels, depending on the highest J value for which these levels
were included in the fit. Also spin-orbit coupling constants were fitted to
the measured spectra [80, 81] of ground state HCO(eX 2A 0), but we did not
include spin-orbit coupling in our calculations of the rovibrational levels,
so we cannot compare these parameters. The rotational constants A, B, C
and the relatively large centrifugal distortion constant  K extracted from
the rotational levels agree very well with the experimental data. It is easily
checked, for example, that the small discrepancy of 0.5% in the value of A
corresponds to a change of \HCO of only 0.1 . Also the rotational constants
calculated with the assumption that HCO is fixed at its equilibrium geome-
try, with RCH = 2.115 a0, r = 2.221 a0, and \HCO = 124.6 , are included in
Table 2.6. The deviations between these equilibrium geometry values and
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Table 2.6: Calculated and experimental [80, 81] rotational and distortion constants
(in cm-1) of eX 2A 0 HCO in its vibrational ground (v1, v2, v3) = (0, 0, 0)
state.
Jmax Kmax A B C 103 K Fit error
4 4 24.4804 1.4945 1.4030 29.4453 0.012
5 5 24.4640 1.4955 1.4045 27.9362 0.041
6 6 24.4392 1.4971 1.4066 26.3809 0.100
Experiment 24.3296 1.4940 1.3987 31.4042(57)
Equilibrium structure 24.2667 1.4968 1.4099
the values from the full 3D calculations are larger than the differences be-
tween the latter and the experimental values. This illustrates that the direct
comparison of the rotational constants calculated for the vibrational ground
state with the corresponding experimental data is to be preferred over the
comparison of geometric parameters extracted from spectroscopic data, as
shown in Table 2.2. The agreement with the experimental vibrational fre-
quencies and rotational constants, obtained directly with our 3D ab initio
potential surface without any adaptation, demonstrates that this potential
is indeed accurate.
2.5 conclusions
We constructed an accurate analytical 3D potential energy surface for the
H-CO(eX 2A 0) complex based on high-level RHF-UCCSD(T)/CBS ab initio
calculations. Both by extending the calculated data points to large values
of the H-CO distance R and by taking special care in the fit procedure, we
ensured that this potential is also accurate in the long-range region. This
will be important for the application of the potential in calculating H-CO
inelastic collision cross sections, especially at lower energies. Integral cross
sections for rotationally inelastic H-CO(j = 0! j 0) collisions were obtained
with the close-coupling method. The COmolecule was considered as a rigid
rotor, in order to be able to compare the results with cross sections calcu-
lated on two different 2D potentials for H-CO. The agreement is very good,
which confirms that our potential is accurate in the long-range. Further-
more, we applied our potential in calculations of the rovibrational states of
HCO with the use of a 3D DVR method. The ab initio dissociation energy
D0 = 0.623 eV obtained from this calculation agrees well with experimen-
tal data. Also, the vibrational levels resulting from the DVR calculations are
Preliminary version – January 29, 2016
32 h-co potential energy surface
in good agreement with experimental data, better than those from previ-
ous ab initio potentials and nearly as good as those from the semiempirical
“modified WKS potential” that was scaled for better agreement with these vi-
brational levels. From the rotational levels of HCO in its vibrational ground
state for total angular momentum J = 0- 6 we extracted the rotational con-
stants A, B, C, and the dominant centrifugal distortion constant  K. Also,
they agree well with measured data. This confirms that our potential is also
accurate in the region of the potential well.
Further studies are planned to investigate vibration-rotation inelastic col-
lision processes. Integral and differential cross sections will be obtained
from full three-dimensional close-coupling calculations. The differential cross
sections will be compared with results from crossed beam experiments com-
bined with velocity map imaging that will soon be performed. The integral
cross sections and rate constants will be used in modeling astrophysical
processes.
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H-CO RATE COEFF IC IENTS FOR PURE ROTAT IONAL TRAN-
S I T IONS
Carbon monoxide is a simple molecule present in many astrophysical en-
vironments, and collisional excitation rate coefficients due to the dominant
collision partners are necessary to accurately predict spectral line intensities
and extract astrophysical parameters. In this chapter, we report new quan-
tum scattering calculations for rotational deexcitation transitions of CO in-
duced by H using the three-dimensional potential energy surface described
in Chap. 2. State-to-state cross sections for collision energies from 10-5 to
15, 000 cm-1 and rate coefficients for temperatures ranging from 1 to 3000 K
are obtained for CO(v = 0, j) deexcitation from j = 1- 45 to all lower j 0 lev-
els, where j is the rotational quantum number. Close-coupling and coupled-
states calculations were performed in full-dimension for j = 1- 5, 10, 15, 20,
25, 30, 35, 40, and 45 while scaling approaches were used to estimate rate
coefficients for all other intermediate rotational states. The current rate co-
efficients are compared with previous scattering results using earlier PESs.
Astrophysical applications of the current results are briefly discussed.
Kyle M. Walker, L. Song, B.H. Yang, G. C. Groenenboom, A. van der Avoird,
N. Balakrishnan, R. C. Forrey, P. C. Stancil, Quantum calculations of inelastic
CO collisions with H. II. Pure Rotational Quenching of High Rotational Levels,
Astrophys. J. 811, 27 (2015)
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3.1 introduction
Carbon monoxide is the second most abundant molecule in the universe
after molecular hydrogen and is found in a variety of astrophysical envi-
ronments. The formation of CO in low-density interstellar clouds proceeds
mainly through gas-phase chemical reactions involving H2, and therefore
detecting and measuring CO spectral lines is one way to trace the molec-
ular interstellar medium (ISM) in the region. While H2 rotational lines are
difficult to observe from the ground, CO is more easily detected as its rovi-
brational transitions can be observed as absorption in the UV and near-
infrared (NIR) and emission in the NIR, far-infrared (FIR), and submillime-
ter. The rotational energy level spacings of a diatomic molecule depend in-
versely on its moment of inertia, and the relatively large moment of inertia
of CO compared to H2 yields rotational levels with small energy separa-
tion. The lowest rotational transition of CO has a wavelength of ⇠ 2.6 mm
which gives an excitation temperature of just ⇠ 5.5 K. Therefore, CO can be
collisionally excited to high rotational levels in photon-dominated regions
(PDRs), in shocks, and in other moderately energetic environments.
A number of CO pure rotational lines starting at j = 14 ! 13, where j
is the rotational quantum number, have been detected with the Long Wave-
length Spectrometer (LWS) [83] aboard the Infrared Space Observatory [ISO,
84]. These include the FIR spectra of all the lines up to j = 39 ! 38 in
the carbon-rich circumstellar envelope IRC +10216 [85], transitions up to
j = 25 ! 24 in VY Canis Majoris and other oxygen-rich circumstellar en-
velopes [86], transitions up to j = 24 ! 23 from the carbon-rich planetary
nebula NGC 7027 [87], and transitions up to j = 19! 18 of the Herbig Haro
objects HH 52- 53- 54 and IRAS 12496- 7650 in a nearby star-forming re-
gion [88]. The KOSMA 3m and IRAM 30m telescopes in Switzerland and
Spain, respectively, performed observations of the low-j transitions of CO
in the Rosette Molecular Complex [89], while the Odin Orbital Observatory
[90] detected j = 5 ! 4 emission from the photon-dominated region (PDR)
of Orion KL [91]. More recently, the Herschel Space Observatory [92] observed
the j = 9 ! 8 line towards Monoceros R2 [93] and high-j CO lines in the
NGC 1333 low-mass star-forming region [94] with the Heterodyne Instru-
ment for the Far-Infrared (HIFI) [95]. The Spectral and Photometric Imag-
ing REceiver (SPIRE) [96] aboardHerschel has also probed the submillimeter
molecular interstellar medium of M82 from j = 4 ! 3 up to j = 13 ! 12
[97].
The chemical and physical conditions where CO resides are deduced
from observed spectral lines, but it is often not appropriate to assume lo-
cal LTE when modeling these regions. In low-density environments where
the level populations routinely depart from LTE, collisional excitation rate
coefficients with the dominant species — mainly H2, H, He, and electrons
— are necessary to accurately predict spectral line intensities. Although the
effect of electron collisions is minor, the role of collisional excitation of CO
by H, especially in environments such as diffuse molecular clouds [98] and
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cool mixed atomic and molecular hydrogen gas [33], cannot be neglected.
Rate coefficient calculations for pure rotational excitation of the first 15 ro-
tational levels of the He-CO system were performed by Cecchi-Pestellini
et al. [20] for the temperature range 5 to 500 K. Yang et al. [27] calculated
reliable H2-CO rate coefficients for rotational transitions in CO induced by
both para- and ortho-H2 collisions for deexcitation from j = 1- 40 to all
lower j 0 levels for temperatures between 1 and 3000 K. Although the H-CO
system has been studied extensively with the most recent rate coefficients
reported by Yang et al. [15], there is unsatisfactory agreement between the
results obtained upon the various PESs.
The earliest analysis of H-CO collisions was performed by Chu & Dal-
garno [99], who used a short-range, semi-empirical potential joined with a
long-range Buckingham potential to calculate cross sections via two close-
coupling formulations. The resulting cross sections were found to be com-
parable to those of H2-CO for small  j. The Maxwellian-averaged rate coeffi-
cients were calculated for the temperature range of 5- 150 K. The following
year, quantal calculations were carried out by Green & Thaddeus [100] over
the same temperature range, but with a new semi-empirical potential and
strikingly different results. These collisional rate coefficients were typically
an order of magnitude smaller than those of Chu & Dalgarno [99], and
small  j transitions, i.e., | j| = 1 or 2, were reported to have much larger
rate coefficients when compared to large  j transitions. The small magni-
tude of the H-CO rate coefficients obtained by Green & Thaddeus [100] led
to the neglect of H as a collider in CO emission modeling.
The next interaction PES for the H-CO system followed a more sophisti-
cated level of theory using ab initio calculations for the surface [34], hereafter
called BBH. These calculations employed the Dunning & Hay [101] valence
double-zeta contractions of the Huzinaga [102], (9s,5p) sets of carbon- and
oxygen-centered primitive Gaussians and used the (4s,2s) contraction with
a scale factor of 1.2 for hydrogen. RHF calculations were carried out, fol-
lowed by configuration interaction computations including all singly- and
doubly-excited configurations. The resulting empirically corrected potential
was used in dynamics calculations using a cubic spline interpolation. Sub-
sequent coupled-channel scattering calculations were carried out on this
PES by Lee & Bowman [79] who first noticed the propensity for even- j
transitions for inelastic scattering.
Another surface was constructed by Werner et al. [17], hereafter WKS, to
see if new experimental results could be more closely reproduced. The ab
initio electronic structure calculations were performed with the MOLPRO
program package [57] using the internally contracted multireference config-
uration interaction (icMRCI) method. Resonance energies and widths from
the WKS surface agreed with experimental data [18], but striking differences
were apparent in the collision cross sections obtained using the BBH and
WKS surfaces [49]. The cross sections on the newer WKS surface, especially
for low-j pure rotational transitions, yielded higher values than those calcu-
lated on the BBH surface. Balakrishnan et al. [16] obtained similar results
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when they used both the BBH and the WKS surfaces to compute collisional
rate coefficients for temperatures in the range 5 to 3000 K. The discrepancy
in the CO(j = 1 ! 0) transition was the largest. However, Balakrishnan et
al. [16] performed explicit quantum-mechanical scattering calculations with
the WKS PES for the first eight pure rotational transitions (using the close-
coupling (CC) framework) and first five vibrational levels (in the infinite or-
der sudden (IOS) approximation), and this complete set of rate coefficients
has been extensively used in astrophysical models.
Shepler et al. [19] revisited H-CO scattering by introducing two new rigid-
rotor PESs and computing cross sections on each surface at collision ener-
gies of 400 and 800 cm-1. One ab initio surface was calculated using the
coupled cluster method with single and double excitations and a pertur-
bative treatment of triple excitations [CCSD(T)] employing the frozen core
approximation [103]. RHF orbitals were used for the open-shell calculations
and the spin-restrictions were relaxed in the solution of the coupled clus-
ter equations [R/UCCSD(T)] [54]. The other PES was computed using the
CASSCF [51] and icMRCI [104] method with the aug-cc-pVQZ basis set for
H, C, and O by Woon & Dunning [105] as implemented in the MOLPRO
program. Their results for both potentials are more similar to Green & Thad-
deus [100] and it was recommended that the rate coefficients calculated by
Balakrishnan et al. [16] using the inaccurate WKS surface be abandoned.
Based on this recommendation, astrophysical models using the overesti-
mated rate coefficients should also be reexamined. The most recent set of
H-CO calculations were performed by Yang et al. [15] and extend the cal-
culations of Shepler et al. [19] on the MRCI rigid-rotor PES. State-to-state
rotational deexcitation cross sections and rate coefficients from initial states
j = 1- 5 in the ground vibrational state to all lower j 0 levels were computed.
In this chapter, we report new quantum scattering calculations for rota-
tional deexcitation transitions of CO induced by H using the 3D interac-
tion PES of Song et al. [106]. This 3D ab initio PES uses the spin-unrestricted
open-shell single and double excitation coupled-cluster method with per-
turbative triples [UCCSD(T)] with molecular orbitals from RHF calculations.
Electronic structure calculations were performed with the MOLPRO 2000
package [57] and 3744 interaction energies were included in the fit. When
compared to previous PESs, the new 3D surface uses the most sophisticated
level of theory and is the most accurate available for scattering calculations.
State-to-state cross sections for collision energies from 10-5 to 15, 000 cm-1
are computed for CO(v = 0, j) deexcitation from initial states j = 1 - 45
to all lower j 0 levels. While close-coupling and coupled-states calculations,
in full-dimension, are performed for j = 1 - 5, 10, 15, 20, 25, 30, 35, 40,
and 45, scaling approaches are used to estimate the rate coefficients for all
other intermediate rotational states. Rate coefficients for temperatures rang-
ing from 1 to 3000 K are evaluated and compared with previous scattering
results obtained on earlier surfaces. The astrophysical implications of new
rotational deexcitation rate coefficients are illustrated.
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3.2 computational approach
We performed inelastic scattering calculations on the most current 3D PES
of the H-CO complex in the ground state (eX 2A 0) [106]. Computations were
carried out using the quantum mechanical CC method [107] for kinetic ener-
gies below 1000 cm-1. From 1000 cm-1 to 15, 000 cm-1 the coupled state (CS)
approximation of McGuire & Kouri [108] was utilized. We treated hydro-
gen as a structureless atom and allowed the bond length to vary for CO.
The full 3D surface is used in the calculations; at no point is the CO bond
length fixed nor a rigid-rotor approximation made. The interaction poten-
tial was expressed as V(R,r,✓), where r is the CO intramolecular distance, R
the distance from the CO center of mass to the H nucleus, and ✓ the angle
between the vector R and the CO bond axis, where linear C-O-H has an
angle of zero degrees and ✓ = 180  for linear H-C-O. The potential was
expanded according to
V(R, r, ✓) =
 maxX
 =0
  (R, r)P (cos ✓), (3.1)
where P  are Legendre polynomials of order  . The radial dependence of
the potential used a 20-point Gauss-Hermite quadrature over r to represent
CO stretching. The angular dependence of the potential was expanded to
 max = 20 with a 22-point Gauss-Legendre quadrature.
The quantum-mechanical CC calculations were performed using the mixed-
mode OpenMP/MPI version of the nonreactive scattering programMOLSC-
AT [109] modified by Valiron & McBane [110] and Walker [111]. The mod-
ified log-derivative Airy propagator of Alexander & Manolopoulos [112]
with variable step size was used to solve the coupled-channel equations.
The propagation was carried out from R = 1 a0 to a maximum distance
of R = 100 a0, where a0 is the atomic unit of length (the Bohr radius). For
calculations with initial state j < 25, the basis set included 31 rotational lev-
els in the ground vibrational state of CO. For initial states j > 25 the basis
sets included at least 5- 10 closed rotational levels. Only pure rotational
transitions within the v = 0 vibrational level are reported here. A conver-
gence study was performed with excited vibrational levels in the basis set,
but the addition of higher vibrational levels yielded results within 2%. A
sufficient number of angular momentum partial waves were included to en-
sure convergence to within 10% for the largest state-to-state cross sections.
For the low energy range, 10-5–10 cm-1, the number of maximum partial
waves, Jmax, was increased each decade resulting in the values 2, 4, 8, 12, 14,
and 20 being added to the value of initial j, respectively, while converged
cross sections for energies from 10- 49, 50- 95, 100- 900, 1000- 9000, and
10, 000- 15, 000 cm-1 were calculated by adding the values of 26, 30, 40, 50,
and 60 to that of the initial state, respectively.
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The degeneracy-averaged-and-summed integral cross section for a rota-
tional transition from an initial state j to a final state j 0 in the CC formalism
is given by
 j!j 0(Ej) =
⇡
(2j+ 1)k2j
JmaxX
J=0
(2J+ 1)
J+jX
l=|J-j|
J+j 0X
l 0=|J-j 0|
| jj 0 ll 0 - S
J
jj 0ll 0(Ej)|
2, (3.2)
where j is the rotational angular momentum of the CO molecule, l is the
orbital angular momentum of the collision complex, and J = j + l is the total
angular momentum. SJjj 0ll 0 is an element of the scattering matrix, Ej is the
relative kinetic energy of the initial channel, and kj =
p
2µ(E- ✏j)/ h is the
wave-vector of the initial channel, where µ is the reduced mass of the H-CO
system (0.97280 u), E is the total energy, ✏j is the rotational energy of CO,
and  h is the reduced Planck constant. The CS approximation, on the other
hand, reduces the computation expense by neglecting the Coriolis coupling
between different values of ⌦, the projection of the angular momentum
quantum number of the diatom along the body-fixed axis, and within this
formalism the integral cross section is given by
 j!j 0(Ej) =
⇡
(2j+ 1)k2j
JmaxX
J=0
(2J+ 1)
⌦maxX
⌦=0
(2-  ⌦0)| jj 0 - S
J⌦
jj 0 (Ej)|
2, (3.3)
where ⌦max is equal to 0, 1, 2, . . ., max(J,j).
State-to-state cross sections for collision energies from 10-5 to 15, 000 cm-1
were computed for CO(v = 0,j) deexcitation from initial state j = 1- 5, 10,
15, 20, 25, 30, 35, 40, and 45 to all lower j 0 levels. Deexcitation rate coef-
ficients ranging from 1 to 3000 K were obtained by averaging the cross
sections over a Boltzmann distribution of collision energies,
kj!j 0(T) =
✓
8kbT
⇡µ
◆1/2 1
(kbT)2
Z1
0
 j!j 0(Ej) exp(-Ej/kbT)EjdEj, (3.4)
where  j!j 0 is the state-to-state rotationally inelastic cross section, Ej =
E- ✏j is the center of mass kinetic energy, and kb is the Boltzmann constant.
3.3 results and discussion
Before scattering calculations were carried out, we compared the RHF-UCC-
SD(T) 3D ab initio PES of Song et al. [106] with the 2D rigid rotor MRCI and
CCSD(T) surfaces of Shepler et al. [19]. The lower order Legendre terms of
the RHF-UCCSD(T) PES agree well with the CCSD(T) terms; the similar high
level of theory in both CCSD(T) calculations is expected to yield a more
accurate potential than the lower-level MRCI calculations (see Fig. 3.1). The
higher-order  -terms are typically small and decrease with  . For example,
for the RHF-UCCSD calculations shown in Fig. 3.1,  3 ⇠  0/100. Further,
as the cross sections for a direct transition are driven by    where | j| =  ,
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Figure 3.1: The first four Legendre expansion terms v (R) near the van der Waals
well of the H-CO potential energy surface with the CO intermolecular
distance fixed at r = 2.20 a0 for MRCI and the equilibrium bond length
re = 2.1322 a0 for the CCSD(T) and RHF-UCCSD(T) surfaces.
they are expected to decrease with | j| and as a consequence the uncertainty
in the cross sections are expected to increase with | j|, though multi-step
transitions due to smaller    terms will also contribute. The values of the
Legendre expansion terms of the MRCI potential are all greater than those of
the RHF-UCCSD(T) and CCSD(T) PESs. The feature seen in the MRCI results
near R = 10 a0 is due to the poor quality of fitting where the long–range
and short–range regions are joined. Since the depth and location of the van
der Waals well may strongly influence rotationally inelastic scattering, the
behavior of the three interaction potentials was closely examined in the
vicinity of the van der Waals well. Figure 3.2 shows a contour plot of the
long-range behavior of the interaction potential of Song et al. [106] with
the CO bond length fixed at the equilibrium distance of re = 2.1322 a0.
The positions and values of the local and van der Waals minima on the
three interaction PESs were calculated and are shown in Table 3.1. The van
der Waals well of the MRCI potential is significantly different from that
of the CCSD(T) and RHF-UCCSD(T) being both shallower and located at a
larger internuclear distance. The differences in van der Waals well depth
and anisotropies of the surfaces lead to differences in the scattering results.
Figure 3.3 shows state-to-state pure rotational H-CO rate coefficients from
initial state CO(j = 5) to indicated lower states j 0. The largest rate coef-
ficients of CO(5 ! 3) as calculated by Chu & Dalgarno [99], Green &
Thaddeus [100], and Balakrishnan et al. [16] are shown. Rate coefficients
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Table 3.1: Minima of the interaction PESs.
PES rCO(a0) Vmin(cm-1) R(a0) ✓ (degrees)
Global minimum:a
MRCIb 2.20 -6934.052 3.01 145.5
CCSD(T)b 2.1322 -5817.161 3.00 144.7
RHF-UCCSD(T)c 2.1322 -5832.994 3.01 144.8
RHF-UCCSD(T)c 2.20 -7256.805 3.02 144.8
van der Waals minimum:
MRCI 2.20 -19.934 7.21 110.8
CCSD(T) 2.1322 -34.677 6.87 108.1
RHF-UCCSD(T) 2.1322 -35.269 6.86 108.0
RHF-UCCSD(T) 2.20 -36.296 6.84 108.5
a The term "global" is used loosely here since rCO has been frozen at
an unoptimized distance to ease direct comparison with the previous
two-dimensional surfaces.
b Shepler et al. [19]
c Song et al. [106]
from Yang et al. [15] on the MRCI PES of Shepler et al. [19] are also shown.
The rate coefficients in this chapter agree well with those of Chu & Dal-
garno [99] and Yang et al. [15]. On average, rate coefficients of Green &
Thaddeus [100] are less than those of this chapter by around an order of
magnitude, while the values from Balakrishnan et al. [16] are around twice
as much as ours. Although the CO(5 ! 3) transition is highlighted here,
the results are typical for other state-to-state transitions as well.
Figures 3.4 and 3.5 present sample results from our computations of cross
sections and rate coefficients, respectively, from initial state j = 10 to all
final states j 0. In general, the cross sections for j 0 = 0 are smallest and then
increase with increasing j 0 up to the dominating transition where | j| =
|j 0- j| = 2 after which they decrease. Since CO is near-homonuclear, odd- j
transitions are suppressed and the transitions follow an even- j propensity.
At 1000 cm-1, the difference between the CC and CS cross sections is less
than ⇠ 5%, except for the largest changes in  j where the differences are
typically ⇠ 10%.
While the quenching from selected high rotational states is explicitly cal-
culated, a zero-energy scaling technique (ZEST) is used to predict state-to-
state rate coefficients for all intermediate states. Figure 3.6 shows the total
quenching and state-to-state cross sections calculated at 10-5 cm-1 as a
function of increasing j. The total quenching rate coefficient in the ultra-
cold limit (collision energy of 10-5 cm-1) is fairly constant for j > 10. Note
that  j = -2 dominates for low initial j, as expected, but at j ⇠ 22,  j = -1
begins to dominate. From these ultracold state-resolved quenching rate co-
efficients, we estimated the rate coefficients for all temperatures following
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Figure 3.2: The long-range behavior of the interaction potential of Song et al. [106]
with VHCO in cm-1 and r fixed at the equilibrium bond length re =
2.1322 a0.
the procedure introduced in Yang et al. [113], but modified here. The un-
known rate coefficient for a transition from j to j- j for any temperature
T , given by k(j, j -  j; T), can be estimated based on the rate coefficients
from calculated transitions for other initial rotational states, for example,
larger j (i.e., above, jA) or smaller j (i.e., below, jB) [k(jA, jA -  j; T) and
k(jB, jB -  j; T), respectively] and calculated ultracold (T ⇠ 0) rate coeffi-
cients for the transitions above, below, and the desired according to
k(j, j- j; T) =k(j, j- j; T = 0)⇥
wAk(jA, jA - j; T) +wBk(jB, jB - j; T)
wAk(jA, jA - j; T = 0) +wBk(jB, jB - j; T = 0)
.
(3.5)
Weights wA and wB for the calculated rate coefficients were determined by
considering the change in initial j in the desired transition when compared
to the states above and below according to the equations
wA =
j- jB
jA - jB
wB =
jA - j
jA - jB
. (3.6)
For example, the predicted j = 16 rate coefficients used calculated transi-
tions from j = 20 and j = 15 and weights wA = 0.2 and wB = 0.8. The cross
sections at ultracold energies are easily calculated and simply multiplied by
the velocity of the system (obtained from the kinetic energy of the collision)
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Figure 3.3: State-to-state pure rotational rate coefficients due to H collisions from
initial state CO(j = 5) to indicated lower states j 0 from this chapter
using the Song et al. [106] potential energy surface, and from Yang
et al. [15] on the MRCI potential energy surface of Shepler et al. [19].
Previous rate coefficient calculations of Chu & Dalgarno [99], Green &
Thaddeus [100], and Balakrishnan et al. [16] on other surfaces are also
shown for the dominant transition j = 5! 3.
to obtain the T ⇠ 0 rate coefficients. A comparison of this zero-energy scal-
ing technique with explicit calculations is given in Fig. 3.7 for initial state
j = 4. The predicted rate coefficients agree well with the calculated values,
although in this case transitions from j = 3 and j = 5 are equally weighted
and a slight underestimate of the j = 4- 2 transition occurs. Given the high
accuracy of the current PES, any uncertainty remaining in the computed
cross section is likely due to the adoption of the CS approximation, the
truncation in the Legendre expansion of the PES to  max = 20 and the un-
certainty in    for large values of  , and limited basis set sizes for collision
energies above 1000 cm-1. Otherwise, the interpolation formula introduces
the largest source of uncertainty.
3.4 astrophysical applications
The cross sections and/or rate coefficients calculated in this chapter are
available online.1 These high-j pure rotational rate coefficients are especially
1Rate coefficient data in the Leiden Atomic and Molecular Database [LAMDA,
Schoöier et al. 30] format, as well as cross section data can be obtained at
www.physast.uga.edu/amdbs/excitation/.
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Figure 3.4: State-to-state pure rotational deexcitation cross sections due to H colli-
sions from initial state CO(j = 10) to all lower states j 0.
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Figure 3.5: State-to-state pure rotational deexcitation rate coefficients due to H
collisions from initial state CO(j = 10) to all lower states j 0.
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Figure 3.6: State-resolved cross sections at 10-5 cm-1 as a function of increasing j
for the H-CO system. Circles indicate state-to-state cross sections while
diamonds indicate total quenching cross sections. Each series (circles)
correspond to different values of  j, decreasing from the top at the far
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Figure 3.7: A comparison of the zero-energy scaling technique with explicit calcu-
lations of the largest deexcitation rate coefficients for initial state j = 4.
Solid lines indicate  j = -1 while dashed lines are  j = -2. Initial
states are: j = 3 (black), j = 4 estimated from Equation 3.5 (green with
symbols), j = 4 explicitly calculated (red), and j = 5 (blue).
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Figure 3.8: Critical densities for CO(v = 0, j) due to H collisions as a function of
gas temperature T .
useful as input data for codes developed to solve for level populations. One
such code is RADEX [31], which can perform a non-LTE analysis of interstel-
lar line spectra. The reliable rate coefficients calculated in this chapter also
will help extract more accurate astrophysical conclusions from current mod-
els. Recently, Thi et al. [9] modeled protoplanetary disks (PPDs) adopting
the rate coefficients computed by Balakrishnan et al. [16]. These rate coeffi-
cients are based on an inaccurate interaction surface, so the conclusions of
Thi et al. [9] may be compromised. Furthermore, Thi et al. [9] extrapolated
the rate coefficients to higher temperatures. Our rate coefficients extend the
range in temperature from previous studies up to 3000 K; therefore extrap-
olation in this case would not be necessary. It is expected that our reliable
and comprehensive rate coefficients would lead to more accurate astrophys-
ical models of PDRs, PPDs, and other molecular environments.
In the protoplanetary disk (PPD) models of Thi et al. [9], they note that
pure rotational transitions of CO probe the entire disk, while the warm in-
ner regions are probed by rovibrational transitions. Further, the abundance
of atomic hydrogen is high in the CO line-emitting region. In particular,
it is typically greater than 106 cm-3 throughout the disk, except near the
mid-plane and at the disk surface. Assuming that H collisions and spon-
taneous emission, with transition probability Aj!j0 , dominate the CO ro-
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tational populations, the critical density for each rotational level j can be
estimated following Osterbrock & Ferland [114] with the relation
ncrj =
P
j 0<j
Aj!j 0P
j 0 6=j
kj!j 0
, (3.7)
and are displayed in Fig. 3.8 (a similar figure for para-H2 collisions can be
found in Yang et al. [27]). Except near the inner disk where temperatures
exceed 500 K and the density is greater than 108 cm-3, levels for j & 15
will not be in LTE. IR and UV-fluorescence pumping may also contribute
resulting in supra-thermal CO rotational populations.
3.5 conclusion
The 3D H-CO potential energy surface of Song et al. [106] was used to
perform quantum scattering calculations for rotational deexcitation transi-
tions of CO induced by H. State-to-state cross sections for collision energies
from 10-5 to 15, 000 cm-1 and rate coefficients for temperatures ranging
from 1 to 3000 K were computed for CO pure rotational deexcitation. Not
surprisingly, previous scattering results using a PES based on the CCSD(T)
level of theory produced similar rate coefficients, but considered only low
rotational excitation states. The MRCI surface of Shepler et al. [19] with a
less sophisticated level of theory also produced similar results as presented
in Yang et al. [15], while the scattering results of Balakrishnan et al. [16]
are deemed to be unreliable due to an inaccurate surface. The H-CO pure
rotational rate coefficients presented here can be used to aid astrophysical
modeling and they both extend the temperature range and angular momen-
tum quantum number of reported H-CO rate coefficients. Further, while
calculations of deexcitation from excited rovibrational levels are presented
in Chap. 4 and 5, experimental data on low-temperature rotational and vi-
brational inelastic rate coefficients would be highly desirable.
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H-CO SCATTER ING CALCULAT ION FOR RO -V IBRAT IONAL
TRANS IT IONS
This chapter focuses on quantum-mechanical scattering calculations for ro-
vibrational relaxation of CO in collision with hydrogen atoms. Collisional
cross sections of CO ro-vibrational transitions from v = 1, j = 0 - 30 to
v 0 = 0, j 0 are calculated using the close coupling method for collision en-
ergies between 0.1 and 15000 cm-1 based on the three-dimensional poten-
tial energy surface described in Chap. 2. Cross sections of transitions from
v = 1, j > 3 to v 0 = 0, j 0 are reported for the first time at this level of the-
ory. Also calculations by the more approximate coupled states and infinite
order sudden methods are performed in order to test the applicability of
these methods to H-CO ro-vibrational inelastic scattering. Vibrational de-
excitation rate coefficients of CO (v = 1) are presented for the temperature
range from 100K to 3000K and are compared with the available experimen-
tal and theoretical data. All of these results and additional rate coefficients
reported in Chap. 5 are important for including the effects of H-CO colli-
sions in astrophysical models.
Lei Song, N. Balakrishnan, Ad van der Avoird, Tijs Karman, and Gerrit C.
Groenenboom, Quantum scattering calculations for ro-vibrational de-excitation
of CO by Hydrogen atoms, J. Chem. Phys., 142, 204303 (2015)
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4.1 introduction
Carbon monoxide (CO) is the second most abundant molecule in the uni-
verse. Its  v = 1 ro-vibrational bands around 4.7 µm are commonly ob-
served in protoplanetary disks using the CRyogenic high-resolution In-
fraRed Echelle Spectrograph (CRIRES) on the Very Large Telescope (VLT).
[115, 116] These CO bands now rank among the best tracers of the physical
conditions in these disks, thus contributing to the understanding of the gas
kinematics. Most analyses of CO ro-vibrational bands assume LTE. How-
ever, more accurate studies of CO emission lines, such as those concerning
the efficiency of IR/VU fluorescence, require non-LTE methods. [9] Accurate
non-LTE modeling requires reliable collision rate coefficients of CO with its
dominant collision partners H, He, and H2. These rate coefficients can be
obtained from scattering calculations based on the interaction potentials of
CO with its partners. Besides the accurate CC method, more approximate
quantum mechanical approaches such as the CS [108, 117] and IOS [118]
methods are commonly used for such scattering calculations.
The H-CO collision dynamics has been studied in several experiments
[119, 120, 121] and calculations. [17, 18, 19, 48, 49, 99, 122] Until now, experi-
mental collision rate coefficients are available only for v = 1! 0 transitions,
without resolution of the transitions between individual rotational levels.
The majority of the calculations focus on pure rotational or pure vibra-
tional inelastic collision processes. Progress in ro-vibrational cross section
calculations has been slow. The difficulty of reliable H-CO ro-vibrationally
inelastic scattering calculations is related to the fact that HCO is a chemi-
cally bound species, in contrast with other astrophysically important colli-
sion complexes such as He-CO and H2-CO that are bound only by weak
van der Waals forces. This is illustrated by the depth of the well in the 3D
H-CO PES of Song et al. [106], which is 0.835 eV (6738 cm-1), whereas He-
CO and H2-CO are bound only by about 23 cm-1 and 94 cm-1, respectively.
[123, 124, 125, 126] Another essential difference with He-CO and H2-CO
important for inelastic collision processes is that the H-CO potential has
a barrier for dissociation of HCO into H + CO with a height of 0.141 eV
(1138 cm-1) above the H + CO limit, while He-CO and H2-CO have no
barriers. In principle, the strong interaction in H-CO gives rise to strong
vibrational coupling and highly efficient translation-vibration (T-V) energy
transfer, but in order to get into the region of the deep well, the H atom ap-
proaching the CO molecule must first pass over or tunnel through the bar-
rier. As one will see below, this leads to a steep rise of the ro-vibrationally
inelastic cross sections when the collision energy surpasses the threshold
of 1138 cm-1. When the incoming CO molecule is in a rotationally excited
state, it may use some of its rotational energy in crossing the barrier. This
involves rotation-translation (R-T) coupling, which depends sensitively on
the anisotropy of the PES in the long range region. Also pure rotationally
inelastic cross sections are mostly determined by the long range anisotropy,
while the ro-vibrationally inelastic transition cross sections are sensitive to
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the long and short range anisotropy of the H-CO potential, as well as to its
dependence on the CO bond length.
A consequence of these complexities is that in H-CO scattering calcula-
tions, a large basis set is required to converge the cross sections. Green et
al. [48] verified this point in their scattering calculations for ro-vibrational
excitation of CO (v = 0, j = 0) by H atoms. The convergence of the cross
sections was tested in a series of CS calculations at a total energy of 1 eV
(8065 cm-1) with basis sets of increasing size. For ro-vibrational transitions
to v 0 = 1 and j 0 values up to 30 as considered in the present chapter, they
found that convergence of the cross sections to within about 10% requires
basis sets containing vibration functions up to v = 8 and rotation functions
up to j = 90. Even for qualitative results, converged within a factor of 2,
basis sets with two or more vibrational levels above the level of interest
should be included. In the full quantum CC approach, the CPU time for
the rate-limiting step scales roughly with the third power of the basis size.
Therefore, the required large basis sets result in heavy computational ef-
forts. An additional complication was shown by Stepler et al. [19] in their
CC rigid-rotor calculations for CO (v = 0, j = 0) excitation by H atoms based
on four different PESs. Their studies revealed that the long-range behavior
of the PES strongly affects the inelastic collision cross sections. So it is neces-
sary in the scattering calculations to propagate to a relatively long distance
to obtain reliable inelastic cross sections, which increases the computational
effort as well.
The incomplete knowledge about ro-vibrational rate coefficients for H-
CO collisions obliges astronomers to use scaling laws to fill the gaps. In a
recent paper, Thi et al. [9] modeled CO ro-vibrational emission from Her-
big Ae discs by using extrapolated rate coefficients for H-CO based on the
values reported by Balakrishnan et al. [16]. In the work of Balakrishnan et
al., pure rotational rates were calculated for CO rotational levels up to j = 7
for a range of gas temperatures of 5K 6 T 6 3000K, while pure vibrational
transition rates were computed in the IOS approximation up to v = 4 for a
range of gas temperatures of 100K 6 T 6 3000K. The missing rotational
rates for j values higher than 7 and vibrational rates below 100K result in
large uncertainties in the extrapolation with the scaling laws. Based on the
information from this chapter, we report in Chap. 5 rate coefficients for ro-
vibrational v = 1, j = 0- 30 ! v 0 = 0, j 0 and v = 2, j = 0- 30 ! v 0 = 1, j 0
transitions and vibrational rates up to v = 5 for a range of gas temperatures
10K 6 T 6 3000K. Furthermore, we introduce a new, more reliable method
to extrapolate all ro-vibrational transition rates for CO in initial states with
v 6 5, j 6 30.
The accuracy of calculated inelastic cross sections depends strongly on
the quality of the PES used. The 3D BBH [34] and WKS [18] potentials were
used in scattering calculations in previous work. The BBH potential, how-
ever, is insufficiently accurate to reproduce stimulated emission pumping
(SEP) spectra. [18, 37] This was the reason why Keller et al. [18] constructed
the WKS potential, but they did not include a sufficiently large number of
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ab initio data points at large H-CO distances to make their potential ac-
curate also in the long range. It was demonstrated by Shepler et al. [19]
that this seriously affects the accuracy of rotationally inelastic cross sec-
tions. The 3D PES of Song et al. [106] was constructed with a focus on the
long range behavior. In bound state calculations of HCO, it reproduces
multiple experimental data, which show that it is accurate also in the well
region. In the present work, we adopt this (SAG) potential [106] to calcu-
late state-to-state ro-vibrational de-excitation cross sections for initial states
with v = 1, j = 0- 30 to final states v 0 = 0, j 0. In Sec. 4.2 we briefly describe
the theoretical methods and computational details. The different basis sets
and approximation methods are discussed in Sec. 4.3. In the same section
we present the calculated ro-vibrational (de-)excitation cross sections and
vibrational quenching rate coefficients. Our conclusions follow in Sec. 4.4.
4.2 calculations
4.2.1 Theoretical methods
The Hamiltonian in BF coordinates for H-CO(eX 2A 0) can be written (in atomic
units) as
Hˆ = -
1
2µR
@2
@R2
R+
Jˆ2 + jˆ2 - 2jˆ · Jˆ
2µR2
+ Vint(r,R, ✓) + HˆCO, (4.1)
where µ = mHmCO/(mH+mCO) is the reduced mass of the H-CO complex.
The vector R with length R, connecting the CO center of mass with the H
atom, is embedded along the z axis. The vector r, with length r, points from
C to O. The angle ✓ is the angle between the vectors R and r. The operator jˆ
is the rotational angular momentum of the CO molecule, while Jˆ is the total
angular momentum operator of the H-CO complex. The interaction energy
between CO and H is written as Vint(r,R, ✓). The CO Hamiltonian HˆCO is
given by
HˆCO = -
1
2µCOr
@2
@r2
r+
jˆ2
2µCOr2
+ VCO(r), (4.2)
where µCO is the reduced mass of CO and VCO(r) is the potential of free
CO.
To solve the time-independent Schrödinger equation with the Hamilto-
nian of Eq. 4.1, the wave functions are expanded as
  =
1
R
X
n
|ni n(R), (4.3)
where  n(R) are functions of the radial coordinate, while the channel basis
functions |ni are given by
|ni = |v, j, J,K,Mi =

2J+ 1
4⇡
 1/2 1
r
 v,j(r)Yj,K(✓, )D
(J)
M,K(↵, , 0)
⇤. (4.4)
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They consist of the j-dependent vibrational wave functions  v,j(r) of free CO
and a BF angular basis set. The spherical harmonics Yj,K(✓, ) and Wigner
D-functions D(J)M,K(↵, , 0)
⇤ form the angular basis set, in which the angles
(✓, ) are the polar angles of the CO axis with respect to the BF frame
and the Euler angles (↵, , 0) define the orientation of the BF frame with
respect to a SF frame. The quantum numbers v and j label the vibrations and
rotations of CO. Other quantum numbers are the total angular momentum
J of the H-CO complex and its projections K andM on the BF and SF z-axes,
respectively. Angular basis functions with parity p = (-1)J+m symmetrized
under inversion are given by
1p
2
h
Yj,KD
(J)⇤
M,K + (-1)
mYj,-KD
(J)⇤
M,-K
i
with m = 0, 1 for K > 0
Yj,0D
(J)⇤
M,0 with m = 0 for K = 0. (4.5)
Substituting the expansion of Eq. 4.3 into the time-independent Schrödinger
equation and projecting with hn’| gives the coupled channel equations
@2
@R2
 n’(R) =
X
n
hn ’| Wˆ |ni n(R). (4.6)
The operator Wˆ is introduced as
Wˆ = -2µ
"
E- HˆCO -
Jˆ2 + jˆ2 - 2jˆ · Jˆ
2µR2
- Vint(r,R, ✓)
#
, (4.7)
where E is the total energy. The eigenvalues of the Hamiltonian HˆCO are
the asymptotic channel energies written as ✏v,j. The difference (E- ✏v,j) is
the collision energy Ev,j. Solving the coupled channel equations with the
appropriate boundary conditions produces the scattering S matrix, which
includes all the information needed to deduce the state-to-state scattering
cross sections  v,j!v 0,j 0(Ev,j). Computational details are given in Sec. 4.2.2.
This approach, with the channel basis chosen sufficiently large to converge
the solutions of the coupled channel equations, is the accurate CC scattering
method used for most calculations in this chapter. If the off-diagonal part
of the Coriolis coupling is neglected, i.e., if the operator jˆ · Jˆ is replaced by
jˆzJˆz so that K, the eigenvalue of both jˆz and Jˆz, becomes a good quantum
number, we obtain the CS approximation. When the exact diagonal Coriolis
coupling term is retained, this approach is more accurate than the com-
monly applied CS approximation [108, 117] in which the centrifugal kinetic
energy term (Jˆ2 + jˆ2 - 2jˆ · Jˆ)/2µR2 is approximated by a term L(L+ 1)/2µR2
with some effective value of the quantum number L. When using the CS ap-
proximation, the matrix hn’| Wˆ |ni becomes block-diagonal, with a block for
each K, and the coupled channel equations of Eq. 4.6 can be separated into
subsets for each K to reduce the computational effort. Another method ap-
plied in this chapter is the IOS approximation. In this method, which ignores
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the rotational energy spacings in comparison with the collision energy [118]
and neglects the CO rotational kinetic energy term in the Hamiltonian, it
is assumed that the angle ✓ of the CO molecule remains fixed during the
collision. The IOS calculations were performed with the molecular scatter-
ing program MOLSCAT [109] to obtain the total vibrational v = 1! v 0 = 0
quenching cross section. Coupled channels equations in a pure vibrational
basis set are solved in the IOS approximation for a fixed angle ✓ and the
results are averaged over 50 Gauss-Legendre quadrature points ✓i with
the proper weights. The basis set includes the lowest 15 vibrational lev-
els, which is sufficient to converge the v = 1! v 0 = 0 vibrational transition
cross sections.
Rate coefficients for ro-vibrational energy transfer can be obtained by
integrating the corresponding state-to-state cross sections over a Boltzmann
distribution of collision energies at a certain temperature T ,
rv,j!v 0,j 0(T) =
✓
8kBT
⇡µ
◆1
2 1
(kBT)
2
Z1
0
 v,j!v 0,j 0(Ev,j) exp(-
Ev,j
kBT
) Ev,j dEv,j,
(4.8)
where kB is the Boltzmann constant. The state-to-state cross sections  v,j!v 0,j 0
(Ev,j) can be obtained with the CC method or the CS approximation. The to-
tal vibrational quenching cross section from a specific ro-vibrational initial
state v, j to final state v 0 is the sum of cross sections over all final j 0 states of
the v 0 state, i.e.,
 v,j!v 0(Ev,j) =
X
j 0
 v,j!v 0,j 0(Ev,j). (4.9)
The corresponding rate coefficients are written as rv,j!v 0(T). Then, by ther-
mally averaging the rate coefficients over different initial j states, we get the
vibrational de-excitation rate coefficients based on the CC method or the CS
approximation as follows
rv!v 0(T) =
P
j gjexp(-
✏v,j
kBT
)rv,j!v 0(T)P
j gjexp(-
✏v,j
kBT
)
, (4.10)
where gj = 2j+ 1 is the degeneracy of the j rotational level.
4.2.2 Computational details
Having described the theoretical formalism, we turn to the numerical de-
tails in the calculations of the integral cross sections. The CC and CS calcula-
tions were performed with our own scattering codes written in Fortran and
Scilab [127], which include some features developed to save computational
resources. As usual in scattering calculations, we expand the anisotropic
interaction potential Vint(r,R, ✓) in Legendre polynomials Pl(cos ✓) and cal-
culate its matrix elements over the angular basis of Eq. 4.4 analytically in
terms of 3j-symbols.[118] We prepare the angular integrals and R-dependent
angular expansion coefficients of the anisotropic potential in advance and
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save them on disk. The coupled channel equations are solved with the renor-
malized Numerov propagator [12, 13]. During the propagation, instead of
keeping the W-matrices in core, our program recomputes the W-matrix
from the prepared angular integrals and potential expansion coefficients
for every R point, which considerably saves memory. The rate-limiting
steps are matrix multiplications and inversions in the renormalized Nu-
merov algorithm; these are run on several cores in parallel with optimized
MKL LAPACK library routines. Also the fact that the expression for the
W-matrix elements of the potential becomes simpler in the BF angular basis
than in the usual SF basis saves both computer time and storage. Moreover,
when applying the CS approximation, we divide the problem into smaller
blocks for each K quantum number. At the end of the propagation, the ra-
dial solutions  n(R) associated with the BF angular basis |ni = |v, j, J,K,Mi
are transformed into the corresponding ones for the SF basis |v, j,L, J,Mi
with the end-over-end rotational quantum number L, in order to apply the
scattering boundary conditions formulated in the SF frame. The exact solu-
tion of the SF scattering Schrödinger equation at the outer boundary where
the interaction energy Vint(r,R, ✓) has vanished, is a linear combination of
spherical Bessel functions labeled with the quantum number L. The match-
ing of the propagated radial wave functions to spherical Bessel functions
was carried out at the boundary Rmax with values of 40 to 18 a0 adapted to
a range of collision energies from Ev,j = 0.1 to 15000 cm-1. The propagation
step size varied from 0.032 to 0.055 a0. The parallellization and memory
saving features of the code reduce the requirement on the computational
resources dramatically, which made it possible to use hundreds of simple
personal computers connected over a regular ethernet network for a large
number of small jobs.
As usual in scattering calculations, we exploit the property that J,M, and
the parity p are good quantum numbers and we collect the correspond-
ing contributions to the integral cross sections from separate calculations.
The maximum value of J needed to converge the cross sections depends
on the collision energy and the initial j value; values of J up to 100 were
used. Using the CC method, we calculated the state-to-state de-excitation
cross sections from v = 1, j = 0 - 30 to v 0 = 0, j 0. Initially, we adopted
two basis sets B3(61, 52, 40, 22) and B9(79, 70, 59, 45, 45, 30, 30, 25, 25, 25) for
the calculations with initial states v = 1, j = 0 - 10, where the notation
Bn(j0, j1, j2, ..., jn) indicates a basis with the highest vibrational level n and
the highest rotational level ji included for vibrational level v = i. We no-
tice in Table 4.1 that the number of channels in the B9 and B3 basis sets
increases dramatically with increasing J. The number of channels for B3 is
less than half of that for the B9 basis. The third power of the ratio of the
numbers of channels for B9 and B3 is around 15 to 18, which implies that
the calculation with the B3 basis is 15- 18 times faster than the one with
the B9 basis. To further reduce the computational effort, we adapted the
renormalized Numerov algorithm so that we could gradually omit closed
channels during the propagation.[128] This saved about 30% of CPU time
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and did not deteriorate the accuracy of the results by more than 0.001%.
This truncation is based on the idea that the coupling with higher energy
levels diminishes when the potential becomes smaller for larger R. The cri-
terion used to truncate the channel basis considers the channel energies and
is an exponential function of R dependent on the decay of the potential with
increasing R. The accuracy of the CS approximation is tested by comparison
with full CC calculations performed for the initial states v = 1, j = 0- 10
with basis B3(61, 52, 40, 22). The propagation was done separately for the
different K blocks of the W-matrix and the propagated results for all K
with -J 6 K 6 J were combined and transformed to the SF basis when
applying the L-dependent outer boundary conditions.
4.3 results and discussion
4.3.1 Convergence test
By comparison with the results from an even larger basis set B9⇤(84, 75, 64,
50, 50, 35, 35, 30, 30, 30) we could show that the B9(79, 70, 59, 45, 45, 30, 30,
25, 25, 25) basis yields cross sections of the transitions v = 1, j = 0- 10 !
v 0 = 0, j 0 converged to within 10% at collision energies Ev,j 6 5000 cm-1,
which is in agreement with the results of convergence tests by Green et al.
[48]. An accuracy of 10% is sufficient for the applications in astronomy that
we are aiming at. Even our B9 basis is still large, however, and produces
up to 11, 000 scattering channels. In order to reduce our computational ef-
forts, we tested a smaller B3(61, 52, 40, 22) basis set for initial states with
v = 1, j = 0 - 10. Figure 4.1 shows that the state-to-state cross sections
from the B9 and B3 bases are similar, except that some fine resonance struc-
tures are lost with the B3 basis set which may affect the rate coefficients.
The root mean square relative difference of the rate coefficients from the
two bases is less than 25%, which makes the values from the B3 basis suffi-
ciently accurate for applications in astronomy. In addition, since resonances
become less important with increasing initial rotational quantum number
j —which will be illustrated in Sec. 4.3.3— use of the smaller basis is ex-
pected to have a much smaller influence on the rate coefficients for the
transitions from initial v = 1 states with j > 10. Our final choice was to em-
ploy a B4(70, 60, 49, 36, 15) basis for the transitions from v = 1, j = 11- 30
and the B9(79, 70, 59, 45, 45, 30, 30, 25, 25, 25) basis for transitions from states
with lower initial j values. Table 4.1 shows that the use of CPU time with
the B4(70, 60, 49, 36, 15) basis is 6 or 7 times less than with the B9 basis.
4.3.2 Tests of the CS and IOS approximations
One of the options to calculate cross sections more efficiently is the CS ap-
proximation. To test its accuracy, we performed scattering calculations for
initial states v = 1, j = 0 - 10 with the B3(61, 52, 40, 22) basis. Figure 4.2
shows a comparison of total quenching cross sections from v = 1, j = 0, 5, 10
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(c) v=1, j=10 → v’=0, j’=5
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Figure 4.1: Comparison of state-to-state cross sections for H+CO calculated with
the B9(79, 70, 59, 45, 45, 30, 30, 25, 25, 25) and B3(61, 52, 40, 22) basis sets.
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(a) v=1, j=0 → v’=0
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(b) v=1, j=5 → v’=0
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(c) v=1, j=10 → v’=0
CC−B3
CS−B3
Figure 4.2: Comparison of total quenching cross sections for H+CO based on the
accurate close coupling method, the coupled states approximation, and
the infinite order sudden approximation. The line labeled "IOS" shows
the cross sections of the vibrational v = 1 ! v 0 = 0 transition from the
infinite order sudden approximation.
Preliminary version – January 29, 2016
4.3 results and discussion 57
Table 4.1: Number of channels with the B3, B4, and B9 basis sets for total J = 0
(parity p = 1) and J = 5, 10, 20, 50, 80 (parity p = -1).
J B3 B4 B9
 
B9
B3
 3  B9
B4
 3
0 179 235 443 15 7
5 1014 1335 2508 15 7
10 1570 2075 3880 15 7
20 2740 3660 6760 15 6
50 4273 6061 10700 16 6
80 4342 6326 11390 18 6
to v 0 = 0 based on the CC method and the CS approximation. The total
quenching cross sections are obtained by summation of the state-to-state
cross sections over all final rotational states, see Eq. 4.9. In comparison with
the accurate CC calculations, the CS approximation produces reliable cross
sections for collision energies above 1000 cm-1. The deviation of the CS
cross section from the CC results at lower energies becomes larger for higher
quantum numbers j. The CS approximation is obtained from the CC method
by neglecting the off-diagonal Coriolis coupling terms in the kinetic energy
operator. The terms neglected are more or less proportional to
p
j(j+ 1),
which explains why the CS approximation becomes worse with increasing
j. So, we must conclude that the CS approximation is not suitable for the
calculation of the H-CO ro-vibrational de-excitation rates at low tempera-
tures. The CS approximation has the tendency to perform well for processes
dominated by short-range repulsive interactions; in the present study of H-
CO, we do not find ourselves in that situation, however. In the top panel
of Fig. 4.2, we also present the cross section for vibrational v = 1 ! v 0 = 0
transitions based on the IOS approximation. The IOS results for this tran-
sition agrees fairly well with the CC values for v = 1, j = 0 ! v 0 = 0
quenching. They also agree well with the total vibrational v = 1 ! v 0 = 0
quenching cross section from CC calculations obtained by averaging the
v = 1, j ! v 0 = 0 cross sections over initial j levels, see Eq. 4.10. The latter
are not explicitly shown in Fig. 4.2, but one can observe in this figure that
the v = 1, j = 0! v 0 = 0 cross sections hardly depend on the initial j values
—apart from resonance structures, which are most pronounced for j = 0—,
so that the averaging over j has only a minor effect.
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(c) v = 1, j = 15 → v’ = 0, j’
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(d) v = 1, j = 25 → v’ = 0, j’
j’ = 0
j’ = 5
j’ = 10
j’ = 15
j’ = 20
Figure 4.3: State-to-state cross sections of CO in collision with H atoms from ini-
tial states v = 1, j = 0, 5, 15, 25 to individual final states v 0 = 0, j 0 =
0, 5, 10, 15, 20. For initial states v = 1, j = 0, 5 the values are calculated
with the B9(79, 70, 59, 45, 45, 30, 30, 25, 25, 25) basis.
4.3.3 Cross sections
Examples of energy dependent state-to-state integral cross sections of the
transitions from initial states v = 1, j = 0, 5, 15, 25 to individual final states
v 0 = 0, j 0 = 0, 5, 10, 15, 20 are shown in Fig. 4.3. One observes in this figure
that the cross sections from the same initial v, j states have a similar energy
dependence. Figure 4.3(a) shows that the cross sections from initial state
v = 1, j = 0 have abundant structures, due to resonances. Panels (b)–(d) of
this figure illustrate that these structures vanish with increasing initial j.
All of these state-to-state cross sections are relatively small for low col-
lision energy, stay more or less constant with increasing energy, and then
increase by three orders of magnitude at energies in the range from 100
to 1000 cm-1, followed by a flatter behavior in the high energy region.
The increase of the cross sections is steepest for the initial CO state with
j = 0, where it starts at collision energies around 1000 cm-1. The explana-
tion of this dramatic increase is the existence of a barrier with a height of
1138 cm-1 in the entrance channel of the H-CO potential surface. Vibration-
translation (V-T) and vibration-rotation (V-R) energy transfer mainly takes
place at short H-CO distances in the chemical bonding and repulsive re-
gion of the H-CO potential, inside of the barrier, where the potential de-
pends most sensitively on the CO bond length. For higher initial rotational
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j = 1
j = 8
j = 15
j = 20
j = 30
Figure 4.4: Total quenching cross sections of CO in collision with H atoms from
v = 1, j = 1, 8, 15, 20, 30 to v 0 = 0. For initial states v = 1, j = 1, 8, the
values are calculated with the B9(79, 70, 59, 45, 45, 30, 30, 25, 25, 25) basis.
quantum number j of CO, the increase of the cross sections becomes more
gradual and starts at lower collision energy. This can be explained by a
release of the initial rotational energy of CO through rotation-translation
(R-T) energy transfer when the system approaches the barrier. The addi-
tional translational energy helps the system to overcome the barrier, so that
this can happen at lower collision energies. R-T energy transfer is caused
by anisotropic H-CO interactions, which makes it important that the long
range anisotropy of the potential is accurate. This interplay of short and
long range interactions in H-CO leads to a much more complex behavior
than in a weakly bound system as He-CO, where ro-vibrational energy
transfer processes [129] are all determined by van der Waals interactions.
Due to this dramatic increase of the cross sections at collision energies of
about 1000 cm-1, their high-energy contribution to the rate coefficients is
much more important than usual. Therefore, cross sections at relatively
high energies needed to be computed and included in the calculation of
the H-CO rate coefficients by Boltzmann averaging over collision energies,
even for lower temperatures. This is another reason why the calculation of
rate coefficients for H-CO collisions is so expensive.
In Fig. 4.4we present the total quenching cross sections from initial states
v = 1, j = 1, 8, 15, 20, 30 to final v 0 = 0. The general behavior of these cross
sections is similar to that of the state-to-state cross sections, but the struc-
tures in the cross sections are washed out to some extent in the sum of
state-to-state cross sections over all final j 0 values. Apart from resonances,
the cross sections from higher initial j states are always larger at collision
energies below 1000 cm-1. For higher energies, the total quenching cross
sections for different initial j values become almost equal and gently rise
together.
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Figure 4.5: Contributions to the total quenching cross sections for H+CO from
different total angular momenta J for the transitions from v = 1, j =
0, 10, 20, 30 to v 0 = 0 at collision energies (a) Ev,j = 0.1cm-1 and (b)
Ev,j = 5000 cm-1 (5210cm-1 for j = 0).
The contributions from individual partial waves to the total quenching
cross sections are shown in Fig. 4.5 for four different initial states with
j = 0, 10, 20, and 30. In the top panel, for a collision energy of 0.1 cm-1,
the contributions are all sharply peaked with maxima appearing at J = j.
This reveals the dominant contribution of s-wave (L = 0) scattering at this
low energy. For a collision energy of 5000 cm-1, the contributions from
different total J values are much more broadly distributed, as illustrated
in the bottom panel of the figure. For the higher initial j values of 20 and
30, the maxima still correspond to J = j- 1 or j , while for lower initial j
values of 0 and 10, they appear at J values higher than j. The higher the
collision energy, the larger the number of partial waves needed to obtain
converged cross sections. Moreover, the contributions from different partial
waves shift to higher J for higher initial j. For both reasons the number and
size of the computations increase dramatically for higher collision energy.
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Figure 4.6: Distributions of final rotational levels j 0 in the v 0 = 0 vibrational level
from de-excitation of initial states v = 1, j = 0, 10, 20, 30 at collision
energies (a) Ev,j = 0.1cm-1 and (b) Ev,j = 5000 cm-1 (5210cm-1 for
j = 0).
The distributions of the final rotational levels j 0 in ro-vibrationally inelas-
tic v = 1, j! v 0 = 0, j 0 collisions with collision energies Ev,j = 0.1 cm-1 and
5000 cm-1 are presented in Fig. 4.6. At the low collision energy, the final
rotational level distributions are dominated by  j = 0 transitions for initial
j values of 0 and 10. For the higher initial j values, they become broader.
At the higher collision energy, the distributions of the final rotational lev-
els j 0 are broader for all initial j values, but they still show maxima for
 j = 0 transitions for the higher initial j values of 20 and 30. At both col-
lision energies, one observes oscillations in the j 0 distributions which are
due to the competition of rotationally inelastic processes induced by the
terms with even and odd l in the Legendre expansion of the anisotropic
H-CO interaction potential. This explanation is basically the same as the
explanation given for the propensity of even/odd  j transitions in the v = 0
ground state, [106] but the nature of the oscillations becomes less simple
when vibrational inelasticity is involved.
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Figure 4.7: Comparison of vibrational v = 1 ! v 0 = 0 de-excitation rate coeffi-
cients of CO by collision with hydrogen atoms from different calcula-
tions and measurements.
4.3.4 Vibrational quenching rate coefficients
The vibrational v = 1 ! v 0 = 0 quenching rate coefficients of CO in colli-
sions with H atoms can be calculated directly from the IOS approximation,
but can also be obtained from state-to-state cross sections calculated with
the CC method through the use of Equs. 4.8–4.10. In Fig. 4.7, we plot these
rates in the temperature range from 100K to 3000K. The CC results are plot-
ted as a green line with cross markers, the IOS values calculated from the
same (SAG) H-CO potential of Song et al. are shown in the figure as a dark
red dashed line. The difference between the CC and IOS rate coefficients is
small, which implies that the IOS method is a good approximation for the
calculation of pure vibrational de-excitation rate coefficients. The results of
IOS calculations of Balakrishnan et al. [16] on the semi-empirically adjusted
WKS potential are slightly larger than our values from the SAG potential at
temperatures below 1500K. This is a consequence of the dissociation bar-
rier of HCO to H + CO on the modified WKS potential being somewhat
lower than on the SAG potential. In Fig. 4.7 we also plot experimental re-
sults measured by Glass et al. [120] and by von Rosenberg et al. [119]. The
solid lines with square and circular markers are fits to the measured data,
while the dashed lines are extrapolations of these fits to temperatures not
accessed by the measurements. Other dashed lines in Fig. 4.7 illustrate some
empirical formulas used in astrophysical models. [130, 131] The differences
between the experimental data from Refs. [119] and [120] are large. von
Rosenberg et al. [119] only speculated on the occurrence of H-CO collisions
affecting their measurements for other species, and they estimated the ef-
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fect of collisions with hydrogen atoms on the CO relaxation. Similar results
were obtained by Kozlov et al. [121] Glass et al. [120] performed H-CO scat-
tering experiments at various temperatures and pressures, so we believe
that their data are more reliable. Our CC and IOS vibrational quenching
rate coefficients agree well with these data [120], which implies that the 3D
SAG potential is suitable for the calculation of vibrational quenching rate
coefficients. The IOS calculations on the modified WKS potential reproduce
the experimental data as well, which indicates that the vibrational energy
is released in the well region where the two potential surfaces are similar
and that the vibrational quenching rate coefficients are less sensitive to the
long range part of the potential. However, as mentioned in previous publi-
cations [19, 15] and also here, the modified WKS potential is less successful
in predicting rotationally inelastic scattering cross sections, owing to its less
accurate long range part, and this will probably hold also for the state-to-
state ro-vibrational cross sections and rate coefficients.
4.4 conclusions
State-to-state ro-vibrational v, j ! v 0, j 0 transition cross sections for CO in
collision with H atoms are obtained by means of the full CC method with
the 3D (SAG) potential of Song et al. [106]. Ro-vibrational basis sets with
maximum v and j values of 9 and 79, respectively, and up to 11, 000 chan-
nels are required to converge the ro-vibrational transition cross sections
and corresponding rate coefficients to a level appropriate for astronomical
applications. Comparison with results obtained from CS calculations shows
that the CS approach is less suitable in this case. Pure vibrational v ! v 0
transition cross sections and rate coefficients are obtained from the CC re-
sults by summation over final rotational levels j 0 and averaging over initial
levels j and they were computed also in the IOS approximation. The CC and
IOS results are in good agreement, which shows that the IOS method works
well for v! v 0 transitions. The computed v! v 0 rate coefficients also agree
with the measured data of Glass et al. [120].
We find, in agreement with earlier work [19], that pure rotational j ! j 0
transition cross sections are mainly sensitive to the anisotropy of the H-CO
potential in the long range. Ro-vibrational transitions require the system
to enter the short range region, where the H-CO potential has a deep well
(De = 6738 cm-1) at a H-CO distance of 3.021 a0 and the coupling to the CO
vibration is most effective. A barrier of 1138 cm-1 is present in the H+CO
entrance channel, however, which explains why the calculated v, j ! v 0, j 0
cross sections increase by three orders of magnitude when the collision
energy surpasses 1000 cm-1. Overcoming the barrier is facilitated through
R-T energy transfer when CO is initially in a higher rotational level j; we
observe that the rise of the v, j! v 0, j 0 cross sections starts at lower collision
energies and becomes less steep in that case. Both the anisotropy of the H-
CO potential and its dependence on the CO bond length are important for
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these combined processes, and this also explains why such large basis sets
are needed to converge the ro-vibrationally inelastic cross sections.
In Chap. 5, we present ro-vibrational transition rate coefficients for CO
in collision with H atoms for temperatures up to 3000K. The dramatic rise
of the v, j ! v 0, j 0 cross sections when the collision energy gets above 1000
cm-1 made it necessary to sample a relatively large set of high collision
energies in the Boltzmann averaging, even for lower temperatures. In com-
bination with the large basis sets required, this made the calculations com-
putationally very demanding. We described some special features of our
close-coupling scattering code that facilitated the computations.
Preliminary version – January 29, 2016
5
H-CO RATE COEFF IC IENTS FOR RO -V IBRAT IONAL TRAN-
S I T IONS
In this chapter, we present calculated rate coefficients for ro-vibrational tran-
sitions of CO in collisions with H atoms for a gas temperature range of
10 K 6 T 6 3000 K, based on the recent three-dimensional ab initio H-CO
interaction potential of Song et al. [106], described in Chap. 2. Rate co-
efficients for ro-vibrational v = 1, j = 0- 30 ! v 0 = 0, j 0 transitions were
obtained from scattering cross sections previously computed with the close-
coupling method by Song et al. [132], described in Chap. 4. Combining
these with the rate coefficients for vibrational v = 1- 5 ! v 0 < v quench-
ing obtained with the infinite-order sudden approximation, we propose a
new extrapolation scheme that yields the rate coefficients for ro-vibrational
v = 2- 5, j = 0- 30 ! v 0, j 0 de-excitation. Cross sections and rate coeffi-
cients for ro-vibrational v = 2, j = 0- 30 ! v 0 = 1, j 0 transitions calculated
with the CC method confirm the effectiveness of this extrapolation scheme.
Our calculated and extrapolated rates are very different from those that
have been adopted in the modeling of many astrophysical environments.
The current work provides the most comprehensive and accurate set of ro-
vibrational de-excitation rate coefficients for the astrophysical modeling of
the H-CO collision system. The application of the previously available and
new data sets in astrophysical slab models shows that the line fluxes typ-
ically change by 20- 70% in high temperature environments (800 K) with
an H/H2 ratio of 1; larger changes occur for lower temperatures.
L. Song, N. Balakrishnan, K. M. Walker, P. C. Stancil, W. F. Thi, I. Kamp,
A. van der Avoird and G. C. Groenenboom, Quantum calculation of inelastic
CO collisions with H. III. Rate coefficients for ro-vibrational transitions, Astro-
phys. J., 813, 96 (2015)
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5.1 introduction
As the second most abundant molecule in the universe, carbon monoxide
is commonly detected in a variety of astrophysical environments. As early
as the 1970’s, the infrared ro-vibrational bands of CO were observed in
late-type stars [133, 134, 135]. Later, Scoville et al. [136] and Ayres [137] de-
tected CO ro-vibrational lines in the spectra of young stellar objects and the
Sun. In a sample of nine infrared sources identified by Mitchell et al. [138],
eight sources show evidence of a hot gas component with temperatures of
120-1010 K and CO ro-vibrational emission. Recently,  v = 1 ro-vibrational
transitions of CO near 4.7µm have been observed in star-forming regions,
protoplanetary disks, and external galaxies using high-resolution spectrom-
eters [32, 115, 116, 139, 140, 141, 142, 143, 144, 145, 146]. Analysis of these
CO spectral lines provides the physical conditions and chemical composi-
tion of the interstellar gas, in particular the kinetic temperature, column
density, volume density, and molecular abundances. Many of the analy-
ses assumed that the CO ro-vibrational emission is based on LTE popula-
tions, which, however, applies only in high-density regions where collisions
dominate the excitations. Non-LTE modeling is necessary when IR and UV
fluorescent excitation and radiative de-excitation compete with molecular
collisions [147], and it is required for a detailed understanding of the CO
ro-vibrational lines in terms of spatial location and efficiency of the IR/UV
fluorescence [9]. The non-LTE analysis requires accurate collision rate coef-
ficients of CO with its main collision partners, H, H2, He, and electrons,
as input. The lack, or limited reliability, of such rate coefficient data hin-
ders non-LTE modeling of molecular spectra for many astrophysical envi-
ronments. In particular, rate coefficients for the H-CO system are known to
be highly uncertain [19] and difficult to calculate due to the existence of a
chemical bond between H and CO. The appearance of a deep well and a
dissociation barrier in the H-CO potential make it substantially more dif-
ficult to compute converged scattering cross sections than for typical van
der Waals systems such as He-CO and H2-CO. In addition, it was shown in
Walker et al. [148] that standard approaches for scaling He-CO rate coeffi-
cients to obtain values for H2-CO or, especially, H-CO are not valid.
For pure rotational transitions, rate coefficients of H-CO were first given
by Chu & Dalgarno [99] about four decades ago for CO excitation from
j = 0 - 4 to j 0 = 1 - 5 at temperatures of T = 5 - 150 K. One year later,
Green & Thaddeus [100] reported their values for transitions from initial
states with j = 0- 7 at temperatures of T = 5- 100 K. Rate coefficients for
pure rotational transitions up to j = 7 for a broad range of gas temperatures
T = 5- 3000 K, were calculated by Balakrishnan et al. [16]. Compared with
the earlier values of Green & Thaddeus [100], their results differed by a
factor of 30 for rate coefficients at temperatures below 100 K. More recently,
Shepler et al. [19] performed scattering calculations with two new ab initio
potential energy surfaces and suggested that the pure rotational rate coef-
ficients obtained by Balakrishnan et al. [16] were incorrect, due to the fact
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that the WKS interaction potential [18] they used for H-CO was inaccurate
in its long range part. In a recent paper, Yang et al. [15] calculated the rota-
tional quenching rate coefficients of low-lying (j = 1- 5) rotational CO lev-
els for temperatures ranging from 1 to 3000 K. They found pure rotational
quenching rate coefficients similar to the values of Green & Thaddeus [100],
which confirms the inaccuracy of results obtained using the WKS potential
[16]. Very recently, Walker et al. [149] performed calculations of the pure
rotational quenching rates for initial states up to j = 45 at a temperature
range of T = 1- 3000 K based on the new 3D H-CO potential of Song et
al. [106].
For vibrational rate coefficients the situation is still unsatisfactory, how-
ever. Experimental values are available only for the rotationally unresolved
v = 1 ! 0 transition. The most reliable results were measured by Glass &
Kironde [120] using a discharge-flow shock tube at temperatures between
840 and 2680 K. Other experimental values reported by von Rosenberg et
al. [119] and Kozlov et al. [121] are based on estimates of the efficiency of
H atoms in vibrational relaxation of CO derived from data involving other
gases. Quantum scattering calculations of rate coefficients for transitions
between vibrational levels up to v = 4 were performed by Balakrishnan
et al. [16] with the IOS approximation at temperatures ranging from 100
to 3000 K. Their computed results agreed with the experimental data mea-
sured by Glass & Kironde [120] in the high-temperature range. Vibrational
rate coefficients below 100 K were not available, however. Rate coefficients
for ro-vibrational transitions were even less complete. Yang et al. [122] pre-
sented quenching rate coefficients for initial states v = 1, j = 0, 1, 2 to v = 0
at a temperature range of T = 10-5-300 K. They performed CC calculations,
but their channel basis may have been too small to ensure convergence and
they adopted the WKS potential [18], known to be inaccurate in the long
range. Both factors may lead to uncertainties in the ro-vibrational rate co-
efficients and the lack of a comprehensive set of H-CO ro-vibrational rate
coefficients obliged astronomers to use scaling laws to extrapolate the data
(e.g., Ref [9]).
Recently, Thi et al. [9] modeled CO ro-vibrational emission from Her-
big Ae discs using the H-CO rate coefficients calculated by Balakrishnan et
al. [16]. They extrapolated the pure rotational de-excitation rate coefficients
to initial states with j > 7 and vibrational transition rate coefficients to tem-
peratures below 100 K. Assuming complete decoupling of rotational and
vibrational motion, they estimated the state-to-state ro-vibrational rate co-
efficients from the corresponding rates for pure rotational transitions in the
ground vibrational level. This method was described in detail and applied
to the H2O-H2 system by Faure & Josselin [150]. However, extrapolations
based on only a few calculated rate coefficients may cause large errors in the
deduced rates. Moreover, the above mentioned inaccuracy of the pure ro-
tational rate coefficients derived from the WKS potential [16] will introduce
an additional error. In the present chapter, we report explicitly calculated
state-to-state ro-vibrational de-excitation rate coefficients for  v = -1 tran-
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sitions in H-CO for initial states with v = 1 and 2 and j values up to 30
for temperatures ranging from 10 to 3000 K. A new extrapolation method
is devised and applied to obtain state-to-state ro-vibrational de-excitation
rate coefficients for initial states with v up to 5. A Leiden Atomic and
Molecular Database (LAMDA)-type file [30] is provided with ro-vibrational
de-excitation rate coefficients of H-CO for v = 1 - 5, j = 0 - 30 ! v 0, j 0
transitions at temperatures of T = 10- 3000 K.
5.2 theory
5.2.1 Equations for rate coefficients
The CC calculations were performed using our scattering code described in
Chap. 4, while the IOS calculations were carried out with the non-reactive
scattering programMOLSCAT [109]. The scattering methods used to obtain
cross sections are reported in detail in Chap. 4. Rate coefficients for specific
ro-vibrational transitions were calculated by averaging the corresponding
cross sections over a Maxwell-Boltzmann distribution of translational ener-
gies of the colliding particles,
r(T) =
✓
8kBT
⇡µ
◆1
2 1
(kBT)
2
Z1
0
 (Ek)exp
✓
-
Ek
kBT
◆
EkdEk, (5.1)
where µ is the reduced mass of H-CO, kB is the Boltzmann constant and T
is the gas temperature. Cross sections were calculated over an energy range
from 0.1 to 15000 cm-1, see Chap. 4. The integral over collision energies was
computed numerically with the trapezoidal rule after cubic spline interpo-
lation of the cross sections on a logarithmic energy scale. The cross section
 (Ek) as a function of the collision energy Ek can be the state-to-state ro-
vibrational cross section  v,j!v 0,j 0(Ek), the total vibrational quenching cross
section  v,j!v 0(Ek) for the transitions from an initial v, j state to a final v 0
state, or the vibrational transition cross section  v!v 0(Ek). The quantum
numbers v and j refer to the vibration and rotation in the initial state, while
v 0 and j 0 refer to the final state. The rate coefficients for the reverse transi-
tions can be obtained by detailed balance
rv 0,j 0!v,j(T) =
2j+ 1
2j 0 + 1
exp
✓
✏v 0,j 0 - ✏v,j
kBT
◆
rv,j!v 0,j 0(T), (5.2)
where ✏v,j and ✏v 0,j 0 are the energies of the ro-vibrational levels. The state-to-
state ro-vibrational cross sections  CCv,j!v 0,j 0(Ek) are obtained from full CC cal-
culations; the corresponding rate coefficients can be calculated from Eq. 5.1.
By summation of the state-to-state ro-vibrational cross sections over all fi-
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nal j 0 levels in the v 0 state, we obtain the total vibrational quenching cross
section from a specific ro-vibrational initial state v, j to final state v 0
 CCv,j!v 0(Ek) =
X
j 0
 CCv,j!v 0,j 0(Ek). (5.3)
The corresponding rate coefficients are denoted by rCCv,j!v 0(T). Averaging the
rate coefficients rCCv,j!v 0(T) over a thermal population of initial j states yields
the vibrational transition rate coefficient based on the CC approach
rCCv!v 0(T) =
P
j gjexp(-
✏v,j
kBT
)rCCv,j!v 0(T)P
j gjexp(-
✏v,j
kBT
)
, (5.4)
where gj = 2j+ 1 is the degeneracy of the rotational level j.
The vibrational transition cross sections  IOSv!v 0(Ek) are obtained directly
from scattering calculations in the IOS approximation. The corresponding
rate coefficients can again be calculated from Eq. 5.1.
5.2.2 Extrapolation method
If we wish to calculate all ro-vibrational rate coefficients of interest for as-
trophysical modeling, the full CC method is prohibitively expensive. The
incompleteness of the available ro-vibrational rate coefficients forced as-
tronomers to use extrapolated data, commonly based on a complete de-
coupling of vibration and rotation [9, 150, 151]. Here, we introduce a new
extrapolation method for state-to-state ro-vibrational rate coefficients in
which we assume the coupling in v, j ! v 0, j 0 transitions with v 0 < v to
be the same as in the v = 1, j ! v 0 = 0, j 0 transition. Then, the state-
to-state ro-vibrational rates are related to the corresponding rates for the
v = 1, j! v 0 = 0, j 0 transitions as follows
rv,j!v 0,j 0(T) = Pvv 0(T)r1,j!0,j 0(T), (5.5)
where the factor Pvv 0(T) is defined as
Pvv 0(T) =
rv!v 0(T)
P
j gjexp(-
✏v,j
kBT
)P
j [gjexp(-
✏v,j
kBT
)
P
j 0 r1,j!0,j 0(T)]
=
rv!v 0(T)
r1!0(T)
. (5.6)
The difference with the extrapolation method used by Thi et al. [9] and
Faure & Josselin [150] lies in the replacement of r0,j!0,j 0 by r1,j!0,j 0 . Al-
though this change seems minor, the improvement in the estimated rate
coefficients is substantial. We will show this in detail in Sec. 5.3, where we
compare the extrapolated rates of v = 2, j ! v 0 = 1, j 0 transitions with
results obtained directly from CC calculations. The ro-vibrational rate co-
efficients r1,j!0,j 0(T) have been calculated using the full CC method, while
the vibrational rate coefficients rv!v 0(T) were obtained from the IOS approx-
imation. All other ro-vibrational rate coefficients rv,j!v 0,j 0(T) can then be
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obtained from the extrapolation formula, Eq. 5.5. Another advantage of our
method is that it also yields the values for v, j! v 0, j 0 = j transitions; these
could not be obtained with the previous extrapolation method since the
data for rotationally elastic j ! j transitions were not tabulated. And even
if they had been available, they most likely would have given much too
large extrapolated results.
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Figure 5.1: Comparison of close-coupling and infinite order sudden rates for vibra-
tional quenching v = 1! v 0 = 0 and v = 2! v 0 = 1. The experimental
rates are from Glass & Kironde [120].
5.3 results
5.3.1 Rate coefficients from quantum scattering calculations
Cross sections for ro-vibrational v = 1, j = 0- 30 ! v 0 = 0, j 0 transitions
from full CC calculations are reported in Chap. 4. We also concluded in
Chap. 4 that the CS approximation is only suitable for collision energies
above ⇡ 1000 cm-1 for the H-CO system and it is therefore not applied
here. Table 5.1 lists the ro-vibrational transition rate coefficients for a gas
temperature range of 10 K 6 T 6 3000 K calculated from these cross sectio-
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Table 5.3: CO vibrational energy levels
v ✏v(cm-1) v ✏v(cm-1) v ✏v(cm-1)
0 1082 5 11534 10 21331
1 3225 6 13546 11 23213
2 5342 7 15531 12 25069
3 7432 8 17490 13 26899
4 9496 9 19424 14 28704
ns with the use of Eq. 5.1. The highest final j 0 = 27- 42 values for which
the rates are given in this table depend on the initial j quantum number.
Transitions for even larger final j 0 are not reported, either because they are
negligibly small, or because they were not completely converged with the
largest number of partial waves, i.e., the highest total angular momentum J
included. However, we add all final j 0 states, including those that may not
be fully converged, to calculate the vibrational quenching cross sections
 CCv,j!v 0(Ek) and the vibrational transition rate coefficients r
CC
v!v 0(T). Hence,
the CC vibrational quenching rate coefficients shown in Fig. 5.1 are slightly
different from the values that would be obtained by summing and averag-
ing only the reported rates rCCv,j!v 0,j 0(T).
In order to test our proposed extrapolation scheme, we also calculated
cross sections and rate coefficients for ro-vibrational v = 2, j = 0-30! v 0 =
1, j 0 transitions with the CC method. We used a channel basis B4(75, 65, 54,
41, 20), where the notation Bn(j0, j1, j2, ..., jn) represents a basis with the
highest vibrational level n and the highest rotational level ji for vibrational
level v = i [see Chap. 4]. The state-to-state ro-vibrational rate coefficients
were computed for a temperature range of 10 K 6 T 6 3000 K; they are
listed in Table 5.2.
In addition, we obtained vibrational quenching cross sections from scat-
tering calculations in the IOS approximation with a v = 0- 14 basis for CO.
This basis of 15 vibrational levels, with energies given in Table 5.3, is suf-
ficiently large to converge all v = 1- 5 ! v 0 < v transitions. In Table 5.4
we report the IOS vibrational transition rate coefficients for a temperature
range of 10 K 6 T 6 3000 K. The IOS approximation is not always suitable
for cross sections at low collision energy and for rate coefficients at low
temperature. We check this by comparing the vibrational rate coefficients
produced with the IOS approximation and the results obtained by summing
the state-to-state CC rate coefficients over final rotational j 0 levels and aver-
aging over initial j levels. Figure 5.1 shows that the IOS rate coefficients
agree well with the CC results, for both v = 1! v 0 = 0 and v = 2! v 0 = 1
transitions. The calculated results for the v = 1 ! v 0 = 0 transition also
agree with the experimental data measured for this transition by Glass &
Kironde [120]. All deviations between the IOS and CC rate coefficients in
Fig. 5.1 are less than 45%, which is sufficiently accurate for astrophysical
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applications. The IOS rate coefficients for v = 4 ! v 0 = 1, 2, 3 transitions in
Table 5.4 at temperatures T = 40 and 50 K were obtained by interpolation
of the rate coefficients at other temperatures. The original IOS data show a
sharp peak around these temperatures due to resonance effects in the cross
sections. However, the resonances in the IOS cross sections do not precisely
coincide with the resonances in the cross sections from CC calculations [see
Fig. 4.2 of Chap. 4].
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Figure 5.2: Comparison of ro-vibrational transition rate coefficients from close-
coupling calculations with extrapolated data obtained with the old ex-
trapolation method of Thi et al. [9] and Faure & Josselin [150] (using
vibrationally elastic data) and with the data used in astrophysical mod-
eling [9].
5.3.2 Extrapolated rate coefficients
First, we test the validity of the extrapolation method used by Thi et al. [9]
and Faure & Josselin [150]. Combining the IOS vibrational rate coefficient
for the v = 1! v 0 = 0 transition with pure rotational (vibrationally elastic)
rate coefficients fromWalker et al. [149], both of them based on the 3D H-CO
potential of Song et al. [106], we can obtain the state-to-state ro-vibrational
rate coefficients for v = 1, j = 0- 30! v 0 = 0, j 0 transitions by extrapolation.
Examples of the comparison of our CC rate coefficients, rate coefficients
from extrapolation based on the method of Faure & Josselin [150] and Thi
et al. [9], and the corresponding rate coefficients used by Thi et al. [9] are
illustrated in Fig. 5.2. For transitions with final j 0 less than or close to the
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Figure 5.3: Comparison of ro-vibrational transition rate coefficients from close-
coupling calculations with extrapolated data obtained with our new
extrapolation method (using vibrationally inelastic data) and with the
data used in astrophysical modeling [9].
initial j, i.e., the v = 1, j = 5 ! v 0 = 0, j 0 = 0, 6 transitions, the CC and
extrapolated rate coefficients agree quite well with each other, as shown in
Figs. 5.2(a) and (b). Large discrepancies appear, however, between CC and
extrapolated rate coefficients for transitions with larger  j = j 0 - j, espe-
cially at lower temperatures, see Figs. 5.2(c) and (d). These large discrepan-
cies result because the pure rotational (vibrationally elastic) transitions in
v = 0 are endoergic for j 0 > j, while the ro-vibrational quenching processes
v = 1, j! v 0 = 0, j 0 are exoergic for all j 0 < 33 even when j = 0. In addition,
by analogy with Eq. (5.6), the vibration-related scale factor Pvv 0(T)(v 6= v 0)
can be rewritten in the extrapolation method of Thi et al. [9] and Faure &
Josselin [150] as rv!v 0(T)/r0!0(T). Clearly, the validity of scaling inelastic
vibrational transition rate coefficients with vibrationally elastic data is ques-
tionable. The rate coefficients adopted in the modeling of Thi et al. [9] are
even more discrepant, as shown by the green lines with triangle markers
in Fig. 5.2. In their extrapolations, the pure rotational rates were adopted
from Balakrishnan et al. [16] who used the WKS potential, known to be in-
accurate at long range. Moreover, the pure rotational rates for initial states
with j > 7 and the vibrational rates for temperatures below 100 K were not
available and had to be obtained by extrapolation.
Let us now discuss the results from our new extrapolation method based
on vibrationally inelastic rates from quantum scattering calculations. Us-
ing the data in Tables 5.1 and 5.4, the ro-vibrational rate coefficients for
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v = 2 - 5, j = 0 - 30 ! v 0 < v, j 0 transitions can be extrapolated with
Eq. (5.5). Figure 5.3 illustrates some comparisons of ro-vibrational rate coef-
ficients for transitions from v = 2, j to v 0 = 1, j 0. It shows the full CC results,
the rate coefficients from the new extrapolation method based on vibra-
tionally inelastic data, and the results of Thi et al. [9] based on vibrationally
elastic data. For the four transitions shown, the new extrapolated rate coef-
ficients agree very well with those from full CC calculations. The root mean
square relative deviation of the rate coefficients in the temperature range
of 10 K 6 T 6 3000 K for all the transitions v = 2, j = 0- 30 ! v 0 = 1, j 0
is 40%. This is sufficiently accurate for astronomical applications. However,
the data from the scaling approach of Thi et al. [9] deviate dramatically
from our results, especially for higher final j 0 values. The reasons why their
data are less accurate were already discussed above. The deviation is largest
in the temperature range of 10 K 6 T 6 100 K, probably because the vibra-
tional transition rate coefficients at low temperature were not available at
the time.
5.4 astrophysical models
In order to show the relevance of these new collision rate coefficients in
the astrophysical context, we chose a twofold approach: (1) simple 1D slab
models with constant temperature, density and CO abundance and (2) the
2D radiative thermo-chemical disk model from Thi et al. [9]. In the follow-
ing, we compare the results obtained with the old H-CO collision rates to
those obtained with the new data. Since this chapter presents new collision
rates for v 6 5 and j 6 30, we restricted the calculations below to the same
range of quantum numbers.
5.4.1 ProDiMo slab and disk models
ProDiMo is a 2D radiation thermo-chemical disk code [152]. The code solves
the 2D continuum radiative transfer to obtain the dust temperature and
radiation field throughout the disk and provides the self-consistent solution
for the chemistry and gas heating/cooling balance. The gas temperatures
can be used iteratively to find a vertical hydrostatic equilibrium solution.
However, we use for this work a fixed parametrized gas scale height and
assume that gas and dust are well mixed. Details of the numerical methods,
the chemical network and a list of heating/cooling processes can be found
in Woitke et al. [152]. The CO molecular data used are described in detail
above and in Thi et al. [9].
The code can be used in 1D slab mode, to calculate the emission emerging
from a fixed total gas column with a constant gas temperature and constant
volume densities of collision partners (H, H2, He and e-). The non-LTE level
populations are calculated using the escape probability method taking into
account also IR pumping by thermal dust emission. Since we focus here on
the effect of the new collisional rates, we minimize the effect of IR pumping
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by fixing the dust temperature at 20 K. The turbulent width is fixed to
vturb = 1.0 km/s and the total broadening is given by b =
q
v2th + v
2
turb,
where vth is the thermal velocity of the CO molecules. The slab models
provide a powerful means to exploit a very wide parameter space under
which CO emission could arise in space.
In addition, we use the standard model for a disk around a 2.2M  Herbig
star (L⇤ = 32 L ) taken from Thi et al. [9]. The disk has a radial size of
300 AU and a mass of 10-2 M . More details on the dust opacities and
vertical disk structure can be found in Table 3 of Thi et al. [9]. Such a disk
model does not provide any freedom as to the conditions under which
CO is emitting. Its abundance, excitation and emission are calculated self-
consistently given the density distribution of gas within the disk and the
irradiating stellar and interstellar radiation field.
5.4.2 Slab model results
We ran four series of models, each with three different total gas column
densities of NhHi = 1019, 1021, and 1023 cm-2. The CO abundance is fixed
at 10-4 with respect to the total hydrogen number density. Series 1 uses a
fixed gas temperature T of 800 K and high densities of collision partners,
lognH = lognH2 = 9, lognHe = 8, logne = 5 (in cm
-3). Note that the gas in
these slab models is not fully molecular, i.e., the H/H2 abundance ratio is
1. Series 2 uses a lower gas temperature of 200 K and the same collision
partner densities. Series 3 uses T = 800 K and a lower density of collision
partners, lognH = lognH2 = 6, lognHe = 5, logne = 2 (in cm
-3). An ad-
ditional series 4 was calculated to isolate the effect of H-collisions. In this
series, the temperature and density of H are the same as in series 3, while
the collision partner densities of H2, He and electrons are assumed to be
negligible.
Figure 5.4 illustrates the change in the non-LTE fluxes of the v = 1- 0
band resulting from the old and new collisional rates for H-CO in the slab
models. We note that changes are typically smallest for the slab with the
largest line optical depth logNhHi=23 (logNCO=19). For slabs at T=800 K,
the line fluxes with the new rates are smaller than those with the old rates.
Exceptions are the smaller and the highest j levels; the flux changes are
generally largest for the lowest four levels. It is also evident from these
comparisons that the implementation of the new rates will have an effect
on the shape of the vibrational band structure. In most cases of high T
(800 K) slabs, the band structure (flux vs wavelength) will get flatter for
low j and drop faster at high j compared to the band structure with the
old collision data. The total cooling rate of the v = 1 - 0 band (j 6 30)
is typically 20-30% lower with the new collisional rates. This will have an
impact on the gas temperature whenever CO cooling dominates the energy
balance. Examples are (1) the surface layers of the inner ⇡ 10 pc of active
galactic nucleus (AGN) disks [153], (2) the inner ⇡ 10 AU of protoplanetary
disks [152] and (3) intermediate density (nhHi ⇡ 105 cm-3) J-type shocks
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Figure 5.4: Changes in the modeled CO ro-vibrational emission from a series of
slab models using the new and previously available H-CO rate coeffi-
cients. Top left (series 1): T =800 K, lognH,H2 =9, lognHe=8, logne=5
in units of cm-3. Top right (series 2): T=200 K, lognH,H2 =9, lognHe=8,
logne = 5. Bottom left (series 3): T = 800 K, lognH,H2 = 6, lognHe = 5,
logne= 2. Bottom right (series 4): T = 800 K, lognH= 6, collisions with
other partners negligible. The total gas column density of the slab NhHi
is given in the legend.
[154]. If H collisions are omitted entirely in slab series 1, the fluxes in the
most optically thick case are lower by a factor of 100; hence H collisions are
more important than H2 collisions and they are key in modeling the CO
ro-vibrational emission.
The gas temperature T is a free parameter and we can explore the effect
of the new collision rates at lower temperatures. The comparison between
series 1 and 2 (top left and right panel of Fig. 5.4) clearly shows that the
changes in the line fluxes increase substantially for T = 200 K. However, at
these low temperatures, the populations in the CO vibrational levels are
very low and hence also the emerging line fluxes will be low. An exception
may be the case of fluorescent excitation, where the vibrational levels are
populated by an external radiation field to non-LTE values. Examples are
the inner disks of Herbig Ae stars, where the stellar radiation field can
substantially pump the vibrational levels to vibrational temperatures of a
few thousand K [143, 155].
The bottom panels of Fig. 5.4 illustrate the effects for low density environ-
ments (non-LTE cases). Here, line-to-line differences are larger than in the
high density environment. The overall picture does not change very much
if we neglect the other collision partners, H2, He, and electrons.
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Besides the application to protoplanetary disks discussed in the next sec-
tion, these new rate coefficients will also be important for proper modeling
of CO infrared emission from other interstellar regions with large H/H2
transition zones such as dissociative J-type shocks [32, 156] or dense X-ray
irradiated gas found near Active Galactic Nuclei.
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Figure 5.5: Changes in the modeled CO ro-vibrational emission from the disk
around a Herbig Ae star using the new and previously available H-CO
rate coefficients.
5.4.3 Disk model results
Figure 5.5 shows the change in the CO ro-vibrational emission of the v =
1-0 band at 4.7 µm resulting from the old and the new (this work) H-CO
collision rate coefficients. The collision rate coefficients with H2, He, and
electrons remain unchanged. Differences are small, on the order of ±5%.
The line fluxes with the new rates show a clear pattern with respect to the
old ones: the new rates lead to lower line fluxes at low j, higher fluxes in
the intermediate range and then again lower fluxes for j& 25. The upturn
at the highest j is a boundary effect, since the rotational states of CO are
artificially cut off in the model at j = 30. As noted in Thi et al. [9], the
CO emission arises from a hot surface layer with T ⇡ 1000 K, where the
gas is predominantly atomic (see their Fig.12). At these high temperatures,
differences between the old and new collision rates are smaller than at
low temperatures (Fig. 5.2) and this partially explains the relatively small
changes observed in the disk model. In addition, IR pumping is competing
with collisions, especially in the inner disk, where dust continuum emission
peaks in the NIR (1000 K<Tdust<1500 K).
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5.5 conclusions
We present ro-vibrational de-excitation rate coefficients from full CC quan-
tum scattering calculations for v = 1, j = 0 - 30 ! v 0 = 0, j 0 and v =
2, j = 0- 30 ! v 0 = 1, j 0 transitions of CO in collision with H atoms in the
temperature range of 10 K 6 T 6 3000 K. Also vibrational quenching rate
coefficients from IOS calculations are given for v = 1-5! v 0 < v transitions
in the same temperature range. We propose a new extrapolation method to
obtain the ro-vibrational rate coefficients for v = 2-5, j = 0-30! v 0 < v, j 0
transitions from our quantum mechanically calculated results. Comparison
of the CC ro-vibrational rate coefficients for the v = 2, j = 0- 30! v 0 = 1, j 0
transitions with the extrapolated ones confirms the reliability of this extrap-
olation method. A LAMDA-type [30] file with state-to-state ro-vibrational
rate coefficients for v = 1- 5, j = 0- 30 ! v 0 < v, j 0 transitions is provided
online. Compared with the ro-vibrational rate coefficients for H-CO used
previously in astrophysical modeling [9], the current data set is both com-
prehensive and accurate. The application of the previously available and
the new data set in slab models shows that typical changes in line fluxes
under astrophysical conditions are on the order of 20- 70% in high tem-
perature environments (800 K) with an H/H2 ratio of 1 and increase for
lower temperatures. In the inner disks around Herbig Ae stars, the line flux
changes are smaller due to the very high temperatures and densities under
which this emission arises.
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We present a novel means of analyzing velocity-map images of angular mo-
mentum polarization in inelastic scattering. In this approach, linear com-
binations of angular distributions obtained by integrating select regions
of images obtained with two probe laser polarizations directly yield the
alignment-free differential cross sections and the differential alignment mo-
ments. No fitting is needed in the analysis. The method relies on the fact
that the angular distribution for out-of-plane scattering is encoded in the
distribution along the relative velocity vector, and this may be recovered
quantitatively owing to the redundancy of the in-plane and out-of-plane
scattering for the horizontal polarization case.
Arthur G. Suits, Chandan Kumar Bishwakarma, Lei Song, Gerrit C. Groe-
nenboom, Ad van der Avoird, David H. Parker, Direct Extraction of Align-
ment Moments from Inelastic Scattering Images, J. Phys. Chem. A, 1 1 9 , 5 9 2 5
(2 0 1 5)
Preliminary version – January 29, 2016
82 ar-co scattering for pure rotational transitions
6.1 introduction
Despite two decades of active investigation, imaging studies of inelastic
scattering continue to offer surprising new insights into fundamental as-
pects of atomic and molecular interactions.[157, 158, 159, 160, 161, 162, 163]
These studies allow stringent tests of the quality of electronic structure cal-
culations and stimulate efforts to combine the intuition afforded by classi-
cal treatments with the rigors of a full quantum description. Among the
more intriguing such examples in recent years has been the direct detection
of collision-induced polarization in scattering.[29, 164, 165, 166, 167, 168,
169, 170] The power of imaging in these experiments is that it combines
a spectroscopic probe (i.e., resonance-enhanced ionization) with angular
distribution measurements yielding a molecular-frame description of the
scattering event.[171, 172] The study of collision-induced angular momen-
tum polarization is an example of 3-vector correlation: the initial relative
velocity vector, the final relative velocity vector, and the angular momen-
tum projection and their correlations are simultaneously measured.[166,
173, 174, 175, 176, 177] Meyer reported early investigations of rotational
alignment in state-resolved scattering of NH3 and NO[164, 178] which
was followed by imaging studies by Chandler, Cline and coworkers on the
argon-NO system [165, 168]. Studies by Chandler and Cline and cowork-
ers also showed that such collisions could give rise locally to rotational
orientation, and the sense of this orientation and its angular distribution
could be measured using circularly polarized probe lasers. This continues
to be an active area of investigation.[163, 167] Very recently, Chandler and
coworkers have studied scattering of electronically excited NO, even exam-
ining alignment in that system[162, 179], and Brouard and coworkers have
revisited the issue of rotational alignment in the argon-NO system and com-
bined this with both full quantum calculations and with a quasi-quantum
treatment.[29, 169, 180]
In essentially all of these inelastic scattering alignment studies, the anal-
ysis is performed by taking difference images obtained with probe polar-
ization parallel to the detector (“H”) or perpendicular to the detector (“V”).
These difference images are then fitted using various means to extract the
alignment moments. For rotational alignment with one-photon probe there
are two such moments, A ( 2 )0 and A
( 2 )
2+ (we will employ the Hertel-Stoll
renormalized polarization-dependent differential cross sections[181, 182])
whose angular distributions are reported and related to classical treatments
or to full time-independent quantum scattering calculations. Although these
approaches to the analysis are clearly successful, we are naturally led to
wonder if there might be a more direct way to extract these distributions
from high quality scattering data rather than through fitting methods. With
the remarkable resolution of velocity map imaging and the simple clarity
of these images such an objective seems attainable. If we are successful, any
structures in the distributions will appear automatically and we need not
wonder if our analysis has overlooked some or artificially imposed others.
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In this chapter we show just such a direct means of extracting the three
key distributions: the differential cross sections (DCS) and the A ( 2 )0 and
A
( 2 )
2+ moments, simply through linear combinations of angular distribu-
tions obtained by integrating various regions of images obtained for H and
V polarization. We will illustrate this using a single experimental image for
final jCO = 9, obtained for scattering of CO with argon at a collision energy
of 700 cm- 1 , and we compare our extracted distributions with quantum
scattering calculations for this single rotational level. This level is chosen as
it has broad scattering and is spectroscopically well-isolated. A full presen-
tation of all the scattering results for the system and a detailed comparison
to theory will be reported in a future publication.
6.2 experimental methods
The data were collected in a rotatable crossed molecular beam machine
using 1+1 0 VUV REMPI ionization of the scattered products with velocity
map imaging detection. We use two skimmed supersonic beams, one of
neat argon produced from a Nijmegen pulsed valve[183] and the other of
5% CO seeded in argon produced from a Jordan pulsed valve. The backing
pressure for the expansion was 1 bar for both colliding partners. The pulse
duration of the Nijmegen pulsed valve is about 50 µs and the pulse dura-
tion of the Jordan valve is about 60 µs. The source chamber that houses
the primary beam (CO) was differentially pumped and the molecular beam
passed through a skimmer of aperture diameter 2.5 mm positioned 7 cm
away from the nozzle. The secondary molecular beam (Ar) source was
mounted in the differentially pumped rotatable chamber positioned 3 cm
from the skimmer of aperture diameter 2.5 mm. Turbo molecular pumps
pumped all the three chambers. The two molecular beams and the VUV
laser were coplanar parallel to the detector and were optimally aligned to
ensure the best signal. We have used four-wave difference mixing in xenon
to produce tunable VUV light.[184, 185] We used two dye lasers: one (Scan-
mate) was fixed near the xenon resonance at 249.618 nm (!1) and the other
dye laser (Fine Adjustment) tuned around 650 nm (!2) to produce tunable
VUV (!VUV) light around 155 nm. The 355 and 532 nm output from an
Nd:YAG laser (Continuum Powerlite 9010) were used to pump the two dye
lasers. The two beams were combined at a 248 dichroic mirror transparent
to visible light and both beams subsequently focused into the Xe gas (30
mbar) contained in a stainless steel cell with a f = 100 mm plano-convex
lens. A lens of focal length f = 1500 mm is placed 1000 mm away from the
stainless steel cell to collimate only the visible light so that 249 nm and 650
nm will focus at the same point inside the cell. In order to study alignment
effects we have used horizontal and vertical polarization of the VUV laser.
The VUV was focused onto the interaction region by a magnesium fluoride
lens. Its orientation was adjusted so that it did not alter the polarization
of the visible and UV beams, and photodissociation images of OCS were
used to confirm the desired polarization of VUV laser.[186] Separate images
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were recorded independently for H and V polarization using a wave plate
to rotate the polarization of the visible beam , which directly determines
the VUV beam polarization. We chose the Q branch for our data collec-
tion, as it is well resolved and it shows greater sensitivity to alignment
effects compared to P and R branch transitions. The laser and both molecu-
lar beams were operated at 10 Hz. The scattered product was ionized and
was extracted by a velocity map imaging ion optics lens.[172] After 85 cm
free flight along the time of flight tube, the 3-D ion sphere was projected
onto a 2-D detector, which is read by a CCD camera. Application of gating
enables us to select our required mass and filter out the background ions
of other masses. Scattered CO molecules were probed by the VUV laser on
the A1⇧-X1⌃+ (0-0) transitions.
6.3 theoretical methods
Integral and differential state-to-state cross sections for CO-Ar collisions
and the alignment of CO after the collision were computed with the close-
coupling method. The intermolecular potential used in the calculations was
obtained by Pedersen et al. from ab initio electronic structure calculations
with the coupled cluster method [187]. We refer to this reference for de-
tails of these calculations and the analytic fit of the potential. Their three-
dimensional (3D) CO-Ar potential depends on the two intermolecular Ja-
cobi coordinates, as well as on the CO bond length r. We used the 2D
potential also given in Ref. [187] that was obtained by averaging the 3D
potential over the ground vibrational (v = 0) state of CO.
The close-coupling equations were solved with the renormalized Nu-
merov propagator, with R ranging from 4 to 40 a0 in 900 equal-sized steps.
All rotational states of CO up to j = 25 were included and all partial wave
contributions up to a total angular momentum of J = 200 were taken into
account.
The experimental collision energy was estimated to be 700 cm-1, but
there is a certain spread in this energy. Hence, the calculations were per-
formed for three different collision energies, 650, 700, and 750 cm-1, and
the cross sections were averaged with weights of 25, 50, and 25%, respec-
tively.
The state-to-state cross sections and CO alignment moments (discussed
below) were computed for initial CO states with j = 0 and j = 1 and for
all final j states open at the given collision energies. Our measurements
showed that the incoming CO beam contained 80% of j = 0 and 20% of
j = 1, and so we averaged the calculated results over the initial j = 0 and
j = 1 states of CO with these percentages. The results discussed below refer
in particular to a final CO state with j = 9.
The alignment moments A(2)0 and A
(2)
2+ are the irreducible components
of the scattering density matrix [29]. The diagonal elements of this density
matrix appear in the moment A(2)0 and represent the populations in the
different magnetic quantum levels, while the off-diagonal elements appear-
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Figure 6.1: CO Q(9) images for CO-Ar scattering and indicated probe polarization.
For the H image, the associated Newton diagram is shown. The image
intensities are arbitrarily scaled relative to each other.
ing in the A(2)2+ moment reveal information about the coherences existing
between different eigenstates, which are essential for the azimuthal polar-
ization [182]. The scattering angle dependent density matrix is expressed in
the scattering amplitudes related to the S-matrix, after undoing the angular
momentum coupling used in the close-coupling calculations for different to-
tal angular momenta J [170, 188]. This uncoupling transformation is needed
to resolve the different magnetic (mj) sublevels of the final j states, as well
as the scattering angle dependence of the DCSs and alignment moments.
6.4 results and discussion
6.4.1 Overview
Our objective is to extract the DCS and the rank 2 alignment moments
directly from inelastic scattering data. Our approach is to use Q-branch im-
ages for perpendicular probe transitions and consider horizontal (H) and
vertical (V) polarization, where H refers to the probe polarization lying par-
allel to the plane of the image, and V, normal to that plane. The images that
we will use for demonstration are given in Fig. 6.1. These were obtained via
the Q(9) transition of CO via the A state as described in the Experimental
section. The difference in the appearance of these two images is a direct
manifestation of angular momentum polarization. In its absence, these im-
ages would be identical. The asymmetry across the relative velocity vector
arises owing to the fact that we detect product density, so the products that
are slower in the laboratory frame are detected more efficiently. This is the
familiar density-to-flux issue that is always faced in such studies. We find
it can readily be corrected for the case of inelastic scattering by dividing
the pixel intensity by (↵ + v), where v is the lab frame velocity and ↵ is
an adjustable parameter that accounts for the finite size of the interaction
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Figure 6.2: Coordinate frames employed. The alignment moments are defined in
the Collision Frame.
volume and the finite duration of the collision event. However, as discussed
in the Sensitivity section below, we determine the alignment moments with
the uncorrected data. The relevant coordinate frames we employ are shown
in Fig. 6.2. Our probe laser propagation direction is in the plane of the
beams, nominally perpendicular to the relative velocity vector. This defines
the Laboratory Frame in which the Z-axis coincides with the CO beam di-
rection in the center-of-mass, the X-axis is parallel to the laser propagation
direction, and the Y-axis coincides with the time-of-flight axis. The align-
ment moments are obtained by analyzing the distributions in the Collision
Frame, in which Zcoll again coincides with the the CO beam direction in
the center of mass frame, but Xcoll is now in the plane of the scattered CO,
perpendicular to Zcoll. Ycoll is then perpendicular to Zcoll and Xcoll. For CO
scattering in the plane of the beams, the Laboratory and Collision Frames
coincide. For scattering of CO out of the plane, the Collision Frame effec-
tively represents a rotation of the Laboratory Frame about the Z axis. In the
conventional approach, images are recorded with H or V probe laser po-
larizations and the difference between these is fitted using various means
to obtain the alignment moments. Our strategy instead relies on consider-
ing just three limiting distributions. We first describe intuitively how this
works and how we do this analysis in practice, then we present the under-
lying mathematical justification.
Preliminary version – January 29, 2016
6.4 results and discussion 87
Figure 6.3: Relation of the lab frame and collision frame for the four angular dis-
tributions obtained from the images.
The analysis is based upon the fact that the alignment-free differential
cross section (DCS) and alignment moments may be obtained rigorously
from the Collision Frame angular distributions for each of three orthogonal
probe polarizations: One with probe laser polarization along Zcoll, paral-
lel to the relative velocity vector, (termed H, in-plane or “HIP”), one with
the probe laser polarization parallel to Ycoll: This is the in-plane scattering
for V polarization (V,-in-plane, “VIP”). And finally from the scattering for
probe polarization along Xcoll. But for the in-plane scattering, Xcoll also
corresponds to the laser propagation direction, so this polarization geome-
try is not accessible. However, this geometry is equivalent to the Collision
Frame which is rotated 90o from the Laboratory Frame for Vertical polar-
ization as illustrated in Fig. 6.3. If we can obtain the angular distribution
for the products scattered perpendicular to the plane of the beams (and
the detector) for V polarization, we obtain the missing geometry needed to
extract the parameters directly from the distributions. We have found that
by analyzing a narrow rectangular stripe along the relative velocity vector
and converting this to an angular distribution, we are able to obtain the
distribution corresponding to the third geometry, which we designate V,
out-of-plane (“VOOP”). To obtain this distribution quantitatively, we first
analyze and compare the equivalent image for H polarization (“HOOP”).
In this case the two distributions HOOP and HIP should be identical. We
typically adjust the limits of the region of integration (i.e., the box position
and size) so that the features in the distributions are coincident. To convert
from the rectangular segment to the HOOP and VOOP distributions we first
integrate pixel intensities in the segment along the width (perpendicular to
the relative velocity vector), then convert the values at each point alogn the
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relative velocity vector to angle by taking the inverse cosine of the distance
from the center-of-mass origin divided by the nominal recoil velocity in
pixels. These are then interpolated onto the same linear grid as the in-plane
distributions for further manipulation. We note that to achieve reasonable
angular resolution at the poles high resolution scattering data is required.
For event-counted data such as is presented here, with images at 100 pixel
radius the velocity resolution at the poles for the HOOP and VOOP distri-
butions is 8 degrees. Lower resolution images may be employed of course,
albeit with a sacrifice of detail for the first few points near the poles.
Figure 6.4: CO Q(9) images for indicated probe polarizations and the four distri-
butions extracted from them. These images have been density-to-flux
corrected, but as we note below, this is used in determining the full
DCS but for the alignment moments we use the uncorrected images.
Although the overall intensity scale for the angular distributions is ar-
bitrary, the two plots are on the same scale.
We then adjust the scaling so that the HOOP distribution has the same
integral as the HIP distribution. An example of this analysis is shown in
Fig.6.4. When we obtain the appropriate segment of the image that gives
two nearly-identical angular distributions for H images, we employ the
same rectangular image segment, integration and scaling for V images
obtained under otherwise identical conditions. This yields three effective
angular distributions: IH(✓), IVIP(✓) and IVOOP(✓). The alignment-free dif-
ferential cross sections and the polarization moments are then obtained
simply as appropriate linear combinations of these three distributions. The
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sensitivity of the reported distributions to various aspects of the analysis is
examined below. We note also that this strategy, which rests on the recog-
nition that the angular distribution may be accurately obtained simply by
integrating the region along the relative velocity vector, may find other uses,
for example in photodissociation or reactive scattering particularly involv-
ing polarization studies.
6.4.2 Mathematical foundation
To obtain the form of these distributions, we loosely follow the approach of
Brouard et al.[180], which in turn rests on a celebrated paper of Fano and
Macek[189], although many have made contributions in this area. In addi-
tion to the alignment-free DCS, there are two angle-dependent parameters
that embody the description of the alignment distribution for collisions of
unpolarized beams: A(2)0 and A
(2)
2+. A
(2)
0 embodies the v-J correlation, with
limiting values of -1, corresponding to v? J and +2 corresponding to v
k J. A(2)2+ reflects the extent to which the J vectors align parallel to Ycoll
(A(2)2+ = -1) or Xcoll (A
(2)
2+ = +1).[181, 182] We write the signal appearing
in a given angular range in the image as a product of the DCS and the
detection probability:
I(✓) =
d 
d✓
(✓)P(✓; ,⇥, ) (6.1)
The polarization-dependent transition probability P(✓; ,⇥, ) depends both
on the angular momentum polarization and the probe sensitivity to that
polarization[180]:
P(✓; ,⇥, ) = C
241+X
kq
A
(k)
q (✓)F
(k)
q ( ,⇥, )
35 (6.2)
In this expression C is a constant and the F(k)
q±( ,⇥, ) functions are geomet-
ric factors that include the probe sensitivity as determined by the angles
( ,⇥, ) characterizing the linear probe laser polarization: ⇥ and   are the
polar and azimuthal angles of klaser in the Collision Frame, and   is the
third Euler angle needed to specify the laser polarization direction in that
frame. These functions take the general form[180]
F
(2)
0 ( ,⇥, ) =
1
4
h(2)(ji, jf)c2(ji)(3 sin2⇥ cos 2 - [3 cos2⇥- 1]) (6.3)
F
(2)
1+( ,⇥, ) =
p
3
4
h(2)(ji, jf)c2(ji)(2 sin⇥ cos  sin 2  (6.4)
+2 sin⇥ cos⇥ sin  cos 2 - sin 2⇥ cos )
F
(2)
2+( ,⇥, ) =
p
3
4
h(2)(ji, jf)c2(ji)([1+ cos2⇥] cos 2  cos 2  (6.5)
-2 cos⇥ sin 2  sin 2 - sin2⇥ cos 2 ) .
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Table 6.1: Geometric factors for indicated distributions.
HIP HOOP VIP VOOP
( ,⇥, ) (⇡, ⇡2 , 0) (⇡,
⇡
2 ,
⇡
2 ) (
⇡
2 ,
⇡
2 , 0) (
⇡
2 ,
⇡
2 ,
⇡
2 )
F
(2)
0 1 1 -
1
2 -
1
2
F
(2)
2+ 0 0 -
p3
2
p
3
2
They are functions of the laser polarization direction and the line strength
factor h(2), which for Q-branch transitions is always unity.[189] We will
confine our treatment to scattering directly in the detector plane or perpen-
dicular to it. We then have only two polarization geometries for each of
these two collision frame distributions, characterized by particular values
of ( ,⇥, ) and given in Table I. Substituting these values into eq. (6.2) we
obtain the following expressions for the angular distributions in the differ-
ent probe geometries:
IH(✓) =
d 
d✓
(✓)C[1+A
(2)
0 (✓)] (6.6)
IVIP(✓) =
d 
d✓
(✓)C[1-
1
2
A
(2)
0 (✓)-
p
3
2
A
(2)
2+(✓)] (6.7)
IVOOP(✓) =
d 
d✓
(✓)C[1-
1
2
A
(2)
0 (✓) +
p
3
2
A
(2)
2+(✓)] (6.8)
We give only one H result as HIP and HOOP are identical. Table 6.1 and
these equations show a number of key features of the polarization sensitiv-
ity. First, it is seen that the scattering signal for the H polarization has no
sensitivity to the A(2)2+ parameter. This is expected given the cylindrical sym-
metry of this geometry. Furthermore, if we compare V and H in-plane, for
example by taking a difference image as is commonly done, we can elim-
inate the population contribution but we cannot disentangle the A(2)0 and
A
(2)
2+ contributions. However, by averaging these three angular distributions
together we obtain a distribution directly proportional to the DCS, free of
any polarization modulation. We can then use this to normalize the other
distributions to isolate the alignment moments. By taking the difference of
the VOOP and VIP distributions we obtain a signal that is directly propor-
tional to the A(2)2+ parameter (with the same proportionality as the DCS).
Finally, the A(2)0 moment is obtained simply from the H distribution and
the alignment-free DCS. The relevant expressions are
d 
d✓
(✓) =
1
3
[IH(✓) + IVIP(✓) + IVOOP(✓)] (6.9)
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Figure 6.5: DCS and alignment moments obtained from the analysis (left) and
from theory (right).
A
(2)
2+(✓) =
p
3[IVOOP(✓)- IVIP(✓)]
IH(✓) + IVIP(✓) + IVOOP(✓)
(6.10)
A
(2)
0 (✓) =
3 IH(✓)- [IH(✓) + IVIP(✓) + IVOOP(✓)]
IH(✓) + IVIP(✓) + IVOOP(✓)
(6.11)
The results of this analysis for the images in Fig. 6.1 are shown in Fig. 6.5
and compared to theory. The overall trends are reproduced quite well but
one should take note of the different scales. We have assumed the laser
propagation direction is perpendicular to the relative velocity vector. Devi-
ations from this will primarily attenuate the observed alignment, and this
may in part account for some of the discrepancy between the experiment
and theory.
A number of qualitative features are seen in the theory and reproduced
in the experimental analysis, and the details of this will be discussed in a
future publication. However, we make a few observations here. The A(2)0
Preliminary version – January 29, 2016
92 ar-co scattering for pure rotational transitions
moment rises from a highly negative value in the backward direction to a
positive value in the forward direction, as is widely seen and rationalized in
the kinematic apse (KA) picture. In this view the collision is sudden and the
angular momentum change is perpendicular to the direction of linear mo-
mentum transfer. The result is that for the directly backscattered product,
the angular momentum has no projection on the recoil direction (A(2)0 = -1,
J ? v), while in the forward direction there is a tendency to positive align-
ment, J k v. For the pure forward scattering the projection of J onto the
recoil direction must vanish by symmetry, but as is usually the case, this
sharp transition is not detected experimentally. The other notable feature
is that the overall magnitude of the A(2)0 moment is consistently lower in
experiment than in the theory in the backward direction. This behavior is
seen in our studies involving CO scattering, and in virtually all NO stud-
ies reported previously as well. One possible explanation is the truncation
of the expansion at the second moment and neglect of higher moments
that might make important contributions. The A(2)2+ moment shows inter-
esting structure in the theory that is clearly captured in the experiment. It
increases from a minimum at 45o to zero for the most forward scattered
product. This sharp increase in A(2)2+, along with the rise in the A
(2)
0 moment
in the same region, combine (owing to opposite signs) to give rise to the
gap in the forward scattering for the V image (and to the forward notch in
the difference images commonly shown).
6.4.3 Sensitivity
We also examined the sensitivity of the inferred moments and the DCS to
various aspects of the analysis. One point we note is that to obtain accu-
rate DCSs that exhibit some of the structure in the theoretical results, we
must include the slow (in the lab frame) portion of the angular distribu-
tion. However, when we employ this strategy to generate the alignment
moments, substantial deviations from expected values are obtained and it
is difficult to obtain HIP and HOOP distributions that agree. It may be
that these images are partly “sliced” so that the out-of-plane scattering is
undercounted. Or there may be some nonlinearities in the detection that
are equalized for the HOOP and the HIP obtained from the fast (in the lab
frame) side of the scattering image. A final possibility is that stray magnetic
fields or collisions perturb the alignment for the slower products. We plan
future experiments to address these questions.
The general sensitivity analysis results are compiled in Fig. 6.6. In each
case we simply superimpose the results for a range of different parameter
sets to convey the range of the distributions obtained. Figure 6.6A shows
the consequence of changing the width of the rectangular “box” used for
the VOOP integration from 8 to 30 pixels. It is clear that the distributions
are quite insensitive to this value. Similarly, Fig. 6.6B shows the results for
changing the width of the ring integrated to give the VIP and HIP distri-
butions over a range of 5 to 23 pixels. There is some slight variation in the
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Figure 6.6: Results of sensitivity analysis. Variations in box width (A), ring width
(B), box origin (C), relative image intensity (D) and relative image posi-
tion (E) were examined (see text).
DCS and the q = 0 moment, and greater associated variation in the q = 2
moment. Fig. 6.6C shows the result of changing the origin of the box by up
to four pixels. At this point the HIP and HOOP distributions become notice-
ably dissimilar, yet only the forward scattered edge of the q = 2 moment
shows any significant sensitivity to this. Fig. 6.6D shows the result of reduc-
ing the V image intensity by 5 and 10%. There is surprisingly little variation
in any of the extracted distributions in this case, which is heartening given
that it is always difficult to ensure that the intensities are well controlled
as the polarization is changed. The last panel, Fig. 6.6E, shows the result of
translating the V image by 2 and 3 pixels in X and Y. This has a large effect
on the A(2)2+ moment and a significant effect on the A
(2)
0 moment but again
little impact on the inferred DCS. This would only occur if the image focus-
ing conditions or camera moved in the course of changing the polarization.
In all, the results presented in Fig. 6.6 show that this approach is remark-
ably robust. As a final comment, we note that other approaches to analysis
of alignment data often incorporate full modeling of the instrument prop-
erties such as beam velocity spreads and intersection angles. We do not do
this here, so this approach is restricted to well-defined experimental con-
ditions and high-resolution images. An interesting possibility would be to
combine the approach presented here with forward convolution modeling
in an iterative procdure.
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6.5 conclusion
We have outlined a simple approach to extract alignment moments and the
alignment-free DCS directly from state-resolved images of inelastic scat-
tering. The approach is demonstrated in application to velocity-mapped
images of CO scattering off argon into J = 9, probed via the A state. The re-
sults are compared to theoretical calculations of these moments, and good
agreement is seen in many features of the distributions, although the magni-
tude of the alignment for the most backscattered product is underestimated
as is generally found to be the case experimentally. The approach may have
other potential applications to photodissociation and reactive scattering.
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T IONS
A joint theoretical and experimental study of state-to-state rotationally in-
elastic polarization dependent differential cross sections (PDDCSs) for CO
( v = 0 , j = 0 , 1 , 2 ) molecules colliding with helium is reported for colli-
sion energies of 5 1 3 and 8 4 0 cm- 1 . In a crossed molecular beam experi-
ment, velocity map imaging (VMI) with state-selective detection by ( 2 + 1 )
and ( 1 + 1 0 ) resonance enhanced multiphoton ionization (REMPI) is used
to probe rotational excitation of CO due to scattering. By taking account of
the known fractions of the j = 0 , 1 , and 2 states of CO in the rotationally
cold molecular beam (T r o t ⇡ 3 K), close-coupling theory based on high-
quality ab initio potential energy surfaces for the CO-He interaction is used
to simulate the differential cross sections for the mixed initial states. With
polarization-sensitive 1 + 1 0 REMPI detection and a direct analysis proce-
dure described by Suits et al. (J. Phys, Chem. A 2015, 119, 5925), alignment
moments are extracted from the images and the latter are compared with
images simulated by theory using the calculated DCS and alignment mo-
ments. In general, good agreement of theory with the experimental results
is found, indicating the reliability of the experiment in reproducing state-
to-state differential and polarization-dependent differential cross sections
Lei Song, Gerrit C. Groenenboom, Ad van der Avoird,
Chandan Kumar Bishwakarma, Gautam Sarma, David H. Parker, Arthur G. Suits
Inelastic Scattering of CO with He: polarization dependent differential state-to-
state cross sections, J. Phys. Chem. A, 1 1 9 , 1 2 5 2 6 (2 0 1 5)
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7.1 introduction
Rotational excitation of diatomic molecules by collisions with atoms has
been studied in intricate detail over the past few years, particularly for col-
lisions of argon with the molecule NO [29, 165, 190], where state-to-state
measurements of collision induced orientation and alignment of the NO
final rotational angular momentum as a function of scattering angle has
been determined. Recently, these measurements on NO-Ar have been ex-
tended to study the effects of preorientation of the NO molecular axis be-
fore collision. [191] Because these are nearly "perfect" experiments where
all reactant and product variables are controlled, they form a suitable chal-
lenge for ab initio quantum theory. In practice, the systems studied so far
are simple enough that theory at present has proven to be more accurate
than experiment, even for the open-shell NO molecule. In this case, imper-
fections in experiment, noted as deviations from theory, can then be iden-
tified, accounted for, and/or improved. This bootstrap process is necessary
to prepare for experimental studies of scattering processes involving more
than 3 - 4 atoms, which offer significant challenges for a fully quantum
theoretical treatment. In this direction, encouraging agreement has already
been found between advanced experiment and semiclassical or reduced di-
mensional quantum theory for the systems OH-NO, [192] H2O-H2 , [193]
NH3 -H2 [194] and CH3 -N2 , [195] for example.
In this chapter we describe a joint experimental and theoretical study at
a similar level of detail as the recent studies on NO-He/Ar, but now for
collisions of He with the closed-shell molecule CO. There is a long history
of CO-He inelastic scattering studies, as outlined later in this section. An
experimental study with angular momentum polarization-sensitive state-
selective detection of CO is, however, far more challenging than for NO
because the excited electronic states that can be used as a resonance step
for CO lie deep in the vacuum ultraviolet (VUV). Although CO inelastic scat-
tering is less challenging for ab initio full quantum theory than NO, predic-
tion of state-to-state PDDCS for CO-He elastic and inelastic scattering, as de-
scribed here, has not been reported. Two ab initio potential energy surfaces
are compared in this chapter, one from the more recent study of Peterson et
al. [196] named CBS+corr, and the other a symmetry-adapted perturbation
theory (SAPT) potential from 1 9 9 7 taken from Heijmen et al. [123]. Both
potentials have been proven to be highly accurate in simulating the colli-
sion energy dependence of integral cross sections for low-energy scattering
resonances of CO+He [197].
In our experiment we utilize two different laser ionization detection schemes
with REMPI of CO in the ( 2 + 1 ) and ( 1 + 1 0 ) configurations, couple this
with VMI detection [172], and measure (PD)DCSs describing collisions of
CO ( j = 0 , 1 , 2 ) with helium at collision energies 5 1 3 and 8 4 0 cm- 1 .
Here, j refers to an initial rotational state of CO whereas j 0 refers to a
nascent state populated by collision. ( 2 + 1 ) REMPI detection of CO via the
E-state [198] is highly efficient, convenient, and for our conditions, polariza-
Preliminary version – January 29, 2016
7.1 introduction 97
tion insensitive, and thus useful for extracting the pure DCS. We have shown
in a recent paper [199] that the ( 1 + 1 0 ) detection method for CO-Ar col-
lisions is polarization sensitive and produces high-resolution images. Tak-
ing advantage of the sharp and polarization-sensitive images, we demon-
strated a simple scheme for extracting the polarization moments describing
collision-induced alignment for the CO-Ar (final CO state j 0 = 9) system
directly from the measured VMI images. We test this method here for CO-
He collisions for a range of final rotational ( j 0 ) states of CO.
CO-He has served as a benchmark for energy-transfer dynamics, and
also as a model for the CO-H and CO-H2 collision systems. Earlier work
has been done to identify the key aspects of the potential energy surface.
Early molecular beam experiments on CO-He were reported by Butz et al.
in 1971 [200], and Nerf et al. in 1975 presented the first experimental evi-
dence of sensitivity to anisotropy of the CO-He potential [201]. Antonova
et al. [158] measured relative state-to-state integral cross sections for rota-
tional excitation of CO in collision with helium at collision energies of 583
and 720 cm-1. They compared their experimental data with results from
two high-quality potential energy surfaces, with the ab initio SAPT surface
of Heijmen et al., [123] and with the XC(fit) surface of LeRoy et al. [202]
and found better agreement for the SAPT surface [123]. Lorenz et al. mea-
sured state-to-state differential cross sections for rotational excitation of CO
in collision with Ne at a collision energy near 511 cm-1, and they have com-
pared their experimental data with results based on the CCSD(T) surface
of McBane and Cybulski and the surface of Moszynski et al. [203, 204, 205].
In 2004, Smith et al. [206] reported state-to-state rotational transition rate
constants for CO-He obtained from infrared double resonance measure-
ments and scattering calculations based on the SAPT potential of Heijmen
et al. [123]. Their work provided a nice demonstration of the quality of the
SAPT potential. Even better ab initio CO-He potentials were calculated more
recently and tested against experimental data in scattering calculations by
Peterson and McBane [196]. In this article comparison of the differential
cross sections from our measurement with the calculations on the SAPT po-
tential [123] and the best potential of Peterson et al. [196] demonstrate the
accuracy of these potentials.
Carbon monoxide is of high astrochemical relevance as the second most
abundant molecule in the universe after molecular hydrogen. Radiation
emitted by CO is commonly used as a tracer to extract astrophysical param-
eters, as rotational transitions of the asymmetric molecule CO provide the
best means to determine the physical conditions of the interstellar medium.
Many models of the processes occurring in such environments are based
on the assumption of LTE. However, when hot stars, low-density chromo-
spheres, and coronae of solar-type stars are investigated, the LTE approx-
imation breaks down and non-LTE modeling is required [26, 32, 100]. In
this case, successful modeling of the observed CO spectral lines requires
the knowledge of accurate collision rate coefficients of CO with its domi-
nant collision partners: He, H2, H and electrons [32, 33]. Rate coefficients
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Figure 7.1: Left: Newton diagram with velocity vectors for He and CO molecular
beams crossed at an angle of 85 , center of mass (long dash) and relative
velocity vectors (short dash). The circle represents elastic scattering (j0 =
0 final state), corresponding to a collision energy of 840± 40 cm-1. An
image for the CO j0 = 7 final state is inset in the circle, and a color bar is
shown to decode the signal level. Positions of forward, sideways, and
backward scattering are indicated. Right: Energy level diagram with
CO rotational energy spacings and energetics for excitation of j = 0 to
j0 = 7 at 840 cm-1 collision energy. Measurements at 513 cm-1 collision
energy where j 0 = 15 is the highest energy final state are also reported
here.
are commonly obtained from theoretical calculations, the quality of which
must be tested by experiment. DCS measured in crossed-molecular beam
experiments have been shown to provide the most stringent test for state-
of-the-art theoretical calculations [207, 208].
To introduce the energetics of the CO-He imaging experiment, a Newton
diagram and a typical scattering image for the j0 = 7 final state of CO is
shown in Fig. 7.1. The images are two-dimensional "crushed" projections of
the three-dimensional velocity spheres, having the form of a ring displaced
from the center of the image (zero velocity position) by the velocity of CO
relative to the center-of-mass velocity. The variation of the intensity around
the ring provides the nature of scattering, e.g., forward or backward scatter-
ing, which in turn reveals the nature of the interaction between the colliding
species.
7.2 experimental method
The data were collected in a crossed molecular beam machine with a vari-
able beam crossing angle and REMPI ionization of the scattered products
with velocity map imaging detection as shown schematically in Fig. 7.2.
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Figure 7.2: Schematic of the crossed-beam VMI setup showing two molecular
beams formed by Nijmegen pulsed valves(NPVs), crossing at the center
of the imaging ion optics. The angle between the two molecular beams
can be changed by rotating one beam about the scattering center in the
plane of collision. The scattered product is excited by VUV radiation res-
onant with a CO X (v = 0, j)! A (v = 0, j0) transition. VUV is generated
from four-wave difference frequency mixing in a cell containing Xe us-
ing 249 nm and 650 nm radiation from two tunable dye laser systems.
CO A-state molecules are then ionized by the remaining dye laser ra-
diation. The VUV polarization is set in or perpendicular to the collision
plane by rotation of the 650 nm laser polarization. The nascent CO+ im-
age is projected by velocity map imaging ion optics and mass selected
by time-of-flight onto a two dimensional (2D) imaging detector, then
recorded by a CCD camera.
The basic apparatus was described in Ref. [209], details specific to the 1+ 1 0
REMPI measurements are given here.
We used two skimmed supersonic beams, one of neat helium produced
from a Nijmegen pulsed valve [183] and the other of 2% CO seeded in
argon produced from a second Nijmegen pulsed valve. Backing pressure
for the expansion was 3 bar for both molecular beams. The pulse duration
of both valves at the crossing point is about 50 µs. The source chamber
that houses the secondary beam (He) was differentially pumped and the
molecular beam passes through a skimmer of aperture diameter 2.5 mm
positioned 3 cm away from the nozzle. The primary molecular beam source
was mounted in the differentially pumped rotatable chamber positioned 7
cm from the skimmer of aperture diameter 2.5 mm. All vacuum chambers
were pumped by turbo molecular pumps. The laser and molecular beams
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were coplanar and parallel to the imaging detector face and were optimally
aligned to ensure the best signal.
Rotational populations of the parent CO/Ar beam were obtained from
the (2 + 1) REMPI spectrum of the E1⇧-X1⌃+ transition of CO [198, 210].
Similar to the results of Antonova et al. [158], the population of j = 0 was
about 65% and of j = 1 about 33%, corresponding to a rotational temper-
ature of 3 K, and a small fraction of higher states with a close to ther-
mal distribution are present. By comparing the PGOPHER [211] simulated
spectrum with the experimental one, we can determine the most favorable
REMPI line positions for detection of higher rotational states, which is the
prerequisite information for state-to-state inelastic scattering studies.
Under collision conditions, depletion of the CO j = 0 ground state was
measured to be less than 10%, which should ensure a single inelastic col-
lision [207, 208]. The scattered product was ionized using either (2+ 1) or
(1 + 1 0) REMPI, and the ionic velocity sphere extracted by a velocity map
imaging electrostatic lens [172]. After 85 cm free flight along the time-of-
flight tube, the 3-D ion sphere was crushed onto 2-D detector, which is read
by a CCD camera. Application of time gating at the detector enables selec-
tion of the required mass and filters out background ions of other mass.
The laser and both molecular beams were operated at 10 Hz. Typically,
20- 50 000 laser shots were averaged for each image, under interleaved con-
ditions with and without the He beam in time overlap with the CO beam.
The second condition was used for background subtraction; difference im-
ages are taken when the final-state population in the parent is significant
and overlaps the scattered-in final-state image. This subtraction method is
not ideal; it leads to problems especially in the forward scattering region, as
discussed later in the text. The laser frequency was fixed during each image
collection, rather than scanning the wavelength over the full width of the
Doppler profile of the REMPI transition (0.07 cm-1 for inelastic scattering of
CO from He), because the laser bandwidth with both (2+ 1) and (1+ 1 0)
REMPI is ⇡ 0.1 cm-1. For (2+ 1) REMPI the ⇡ 2 mJ energy per pulse power
broadening of the transitions was also sufficient to make Doppler scanning
unnecessary.
For (2+ 1) REMPI on the E1⇧-X1⌃+ transition, well-resolved and strong
S-branch transitions around 215 nm were used for data collection. The laser
wavelengths were generated by frequency tripling the output of a tunable
pulsed dye laser (Fine Adjustment) operating with DCM dye using two
BBO crystals. The dye laser was pumped by a Nd:YAG laser (Continuum
Surelite) operating at 532 nm and with 10 Hz repetition rate. UV laser en-
ergies were typically ⇡ 2 mJ per pulse in pulses of duration 4- 6 ns. The
probe beam was focused with a 20 cm lens onto the intersection region of
the molecular beams.
For (2 + 1) REMPI of CO the E1⇧ state was used as the resonant state
instead of the commonly used B1⌃+ state where the low-j levels are over-
lapped. Detection on the S-branch of the E1⇧ state should in principle be
polarization sensitive but repeated measurements (under the same exper-
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imental conditions as (1+ 1 0) REMPI) did not reveal any sensitivity to the
laser polarization. Due to the low ionization efficiency and small probe vol-
ume it was necessary to use 2 mJ laser pulse energy, which is likely to be
too high to retain polarization sensitivity. Antonova et al. [158] used 100 µJ
per pulse, for example, and estimated that the maximum polarization effect
in the integral cross section for CO-He scattering with E-state detection was
less than 10%.
Experiments employing (1+ 1 0) REMPI of CO were described briefly in
Ref. [199]. Radiation at ⇡ 249 nm tuned resonant with the two-photon
5p6 ! 5p56p[1/2]  transition at 80119 cm-1 in Xe was combined in a cell
containing 30 mbar Xe with tunable radiation around 650 nm to generate
tunable 154 nm light by difference frequency generation. This VUV light is
resonant with the CO A1⇧-X1⌃+(v = 0) transition. For simplicity we label
the ionization process as (1+ 1 0) REMPI. Although the 154 nm light drives
the resonant excitation, the process driving ionization of the A-state is not
yet identified. Analysis of the size and shape of the parent CO+ beam spot
shows that ionization is close to threshold (i.e., ion recoil is small), indicat-
ing that ionization occurs by the combination of 248 nm + 650 nm photons.
A photoelectron study is presently underway to better identify the ioniza-
tion process. The collision energy was 840 cm-1 for the geometry used in
the (1+ 1 0) REMPI detection experiments. This is higher than in the (2+ 1)
REMPI detection experiments due to a different mounting of the pulsed
valves, which led to a higher equilibrium temperature after warming up.
The collision energy was estimated for both REMPI detection methods by
combining data from both the initial beam velocities and from the size of
the images as a function of the final rotational state j 0.
The PGOPHER program [211] was used to fit the CO A-X (1+ 1 0) REMPI
transition, which shows P, Q, and R branches of similar intensities, and (as
with the (2 + 1) REMPI spectrum) a rotational temperature of ⇡ 3K. This
similarity indicates that the ionization step in the (1+ 1 0) process does not
significantly perturb the spectrum. The measured images for the same j 0
are different when a P, R or Q branch transition is used. For the same
transition branch the images differ with H (VUV laser polarization direction
in the scattering plane) versus V polarization where the VUV polarization is
directed perpendicular to the scattering plane, along the time-of-flight axis,
as shown later. As described in Ref. [199], all H and V polarization images
were obtained for Q-branch transitions.
The raw H and V images were first converted from density to flux using
the IMSIMM program [212], although for the polarization analysis method
this was not essential. The asymmetry in the raw images disappears to a
large extent upon density to flux correction. Because the effective angu-
lar resolution varies widely with scattering angle, the images still do not
look fully symmetric after correction. The density to flux correction is a
secondary effect in that at any scattering angle the alignment moments
are obtained by differences divided by the DCS. For each j 0 final state, two
angular distributions were extracted from the H and V images by integrat-
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Figure 7.3: Definition of the laboratory frame coordinate system for the He-CO
scattering process. See text and Fig. 2 of Ref. [199] for details.
ing over the outside annulus of the image, or over a stripe through the
middle of the image along the initial relative velocity vector, as described
in Ref. [199]. This yields four polarization angular distributions: HIP, hori-
zontal in-plane; VIP, vertical in-plane; HOOP, horizontal out-of-plane; and
VOOP, vertical out-of-plane polarization.
An important difference between the present CO-He experiment and the
CO-Ar experiment described in Ref. [199] is the direction of laser propaga-
tion, klaser. Using the standard reference frame as sketched in Fig. 7.3, the
z axis is parallel to the initial relative velocity vector k, xz is the scattering
plane containing k and the product relative velocity vector k0, and the y axis
is parallel to k⇥ k0. Using linearly polarized light, the electric field of the
laser can be directed either along z (labeled horizontal or H polarization)
or along the ion time-of-flight axis y (vertical, V polarization) when klaser
is directed along the x axis. In the laboratory frame, klaser is the same as in
the CO-Ar experiment, fixed at an angle of 45  with the CO initial velocity
vector vCO. In the CO-Ar case, this angle and the angle of 85  between the
CO and Ar beams, cf. Fig. 7.1, implied that the laser beam was perpendic-
ular to the initial relative velocity vector k. Also in the CO-He experiments
the CO and He beams cross at an angle of 85  and for the collision energy
of 840 cm-1, where the CO final-state detection is polarization sensitive, the
velocities of CO and He are such that the angle between klaser and k is 120 .
The implications of this different geometry are discussed later in the text.
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Figure 7.4: Comparison of the first four coefficients v (R) in the Legendre expan-
sions of the CBS+corr potential [196] and the SAPT potential [123].
7.3 theoretical method
Integral, differential and polarization-dependent differential state-to-state
cross sections for CO-He collisions were computed using the quantum CC
method [107]. The most accurate potential from the work of Peterson et
al. [196], CBS+corr, was used; the SAPT potential was taken from Heijmen
et al. [123]. Both potentials were calculated as full 3D CO-He potentials; we
used the 2D potentials obtained by averaging them over the ground-state
vibrational wave function of CO. The CO molecule was then treated as a
rigid rotor, with the experimental rotational constant B0 = 1.9225 cm-1. The
2D CO-He potential is a function of the Jacobi coordinates R, the length of
the vector R pointing from the CO center of mass to the He nucleus, and  ,
the angle between R and the CO bond axis (  = 0 for linear CO-He).
The coupled channel equations were solved with the renormalized Nu-
merov propagator, with R ranging from 3 to 50 a0 with a step size of 0.06 a0.
The potential was expanded in normalized Legendre polynomials P (cos )
with   running from 0 to 12. The R-dependent expansion coefficients were
computed by 13-point Gauss-Legendre quadrature in the angle  . The chan-
nel basis consisted of functions for CO with a maximum value of j = 30;
total angular momenta up to Jtot = 90were included. With these parameters
all of the calculated inelastic cross sections are converged to better than 1%.
Both integral and differential cross sections were computed for transitions
from initial states with j = 0, 1, 2 to all final states up to j 0 = 15. The cross
sections calculated for the different initial CO (j) states were weighted by
the populations of these states in the mixture to compare the calculated val-
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ues with the experimental data. Because of the spread of about ±40 cm-1
in the experimental collision energies of 513 and 840 cm-1, we computed
the (PD)DCSs at 473, 513, and 553 cm-1 and at 800, 840, and 880 cm-1 and
averaged the results with a weight ratio of 25 : 50 : 25%.
7.4 results and discussion
7.4.1 Theoretical results
The potentials of Heijmen et al. [123] and Peterson et al. [196] used in the
scattering calculations are compared in Fig. 7.4 by showing the main co-
efficients in the Legendre expansion of these potentials as functions of R.
The first three anisotropic terms with   = 1, 2, 3 are even larger than the
isotropic term with   = 0; the term with   = 2 is dominant. The coeffi-
cients of the SAPT potential are slightly smaller than those of the CBS+corr
potential [123].
These potentials are also compared in Fig. 7.5 in calculations of the differ-
ential cross sections from the initial state with j = 0 to the final states j 0 = 1,
4, 8, and 12 at a collision energy of 513 cm-1. The similarity of the result-
ing DCSs illustrates that the already 18 year old SAPT potential is of nearly
the same high quality as the more recent CBS+corr potential, a fact was
also mentioned in Ref. [196]. The DCSs show the expected trend that the
cross section decreases and that more backscattering occurs as the value
of j 0 increases. Although the peaks in the DCS for the CBS+corr potential
are slightly shifted to smaller scattering angles (corresponding to a higher
collision energy or a less attractive PES), the shifts are quite small and, as
the reader will see below, the differences between the DCSs from the two
potentials are smaller than the deviations from the experimental data.
Figure 7.6 presents the elastic and inelastic integral cross sections (ICSs)
from the initial states with j = 0, 1, 2 to the final states with j 0 up to 15. Elas-
tic (j = j 0) integral cross sections are typically 1- 2 orders of magnitude
larger than the inelastic cross sections. The inelastic cross sections obviously
depend strongly on  j, and in general, they decrease for larger initial j val-
ues because of the larger energy gap between the higher rotational states.
The fact that the cross sections are largest for  j = 2 follows from the dom-
inance of the term with   = 2 in the Legendre expansion of the potential,
Fig. 7.4.
As mentioned in the Experimental section, the present experiment does
not achieve pure initial-state selection. The parent CO beam contains a mix-
ture of j = 0, 1, and 2 states, which due to their different internal energy
and quantum numbers show widely varying scattering behavior. This is il-
lustrated in Fig. 7.7, where DCSs are shown for the three initial states j = 0,
1, 2 excited to the same final state j 0 = 4. We took the population ratio
of these states as 65 : 33 : 2%, respectively. As expected, the initial-state
averaged DCS (lower panel) is mainly determined by the 65% j = 0 contri-
bution but note that the scattering cross section increases with increasing j
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Figure 7.5: Comparison of state-to-state differential cross sections from j = 0 to
j0 = 1, 4, 8, 12 calculated on the CBS+corr and SAPT potentials, at a
collision energy of 513 cm-1.
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Figure 7.6: Integral cross sections for elastic and inelastic scattering from the ini-
tial j = 0, 1, 2 states to the j0 = 0 - 15 final states at collision energy
513 cm-1.
(decreasing  j) and that the outer maximum in the DCS for j = 0 ! j 0 = 4
is much weaker for j = 1! j 0 = 4 excitation.
7.4.2 Vector Correlations
Investigations of vector correlations in inelastic scattering processes reveal
valuable information on the underlying dynamics [180]. The angular mo-
mentum distributions in inelastic scattering are generally presented in terms
of renormalized PDDCSs, but different expressions for these PDDCSs have
been used in previous studies. Brouard et al. [180] listed the relationship
between the polarization moments and alignment parameters used in var-
ious papers. We present our alignment results in terms of the Hertel-Stoll
renormalized A(k)q (✓) polarization parameters, which are the irreducible
components of the scattering density matrix related to the classical prob-
ability density function. They are defined in the scattering frame with the
z-axis along the initial relative velocity vector k. A(0)0 (✓) is directly related
to the conventional DCS, which reveals the vector pair correlation between
the initial and final relative velocity vectors k and k 0, and ✓ is the angle
between k and k 0 in the collision plane, as shown in Fig. 7.3. Polarization-
dependent differential cross sections, represented by the A(2)0 (✓), A
(2)
1+(✓),
and A(2)2+(✓) polarization moments, describe the triple correlation between
k, k0, and the final rotational angular momentum j 0. In the case of inelastic
Preliminary version – January 29, 2016
7.4 results and discussion 107
Figure 7.7: Comparison of state-to-state differential cross sections from j = 0, 1,
and 2 to j0 = 4 at collision energy 513 cm-1.
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atom-molecule scattering, the A(2)0 (✓) moment for the j
0,k correlation is re-
lated to the population of the j 0 substates with different m 0j . It ranges from
-1 when j 0 is perpendicular to k, to +2 when j 0 is parallel to k. Its value is
sometimes expressed as the degree of "frisbee" (j 0? k,k 0) versus "propeller"
(j 0 k k,k 0) alignment of the final angular momentum j 0 with respect to the
k, k 0 scattering plane. The A(2)1+(✓) and A
(2)
2+(✓) moments contain the off-
diagonal elements of the density matrix; they range from -1 to +1.[165]
Introduction of the linearly polarized laser beam propagation along klaser
in Fig. 7.3 breaks the cylindrical symmetry along k and allows probing of
the propensities for alignment of j0 relative to the X, Y, Z axes of the colli-
sion frame [199], where k lies along Zcoll. In the laboratory frame, Fig. 7.3,
the present CO-He collision study differs from the Ar-CO collision study
described in Ref. [199]. In the Ar-CO experiment the laser beam crossed k
at 90 , i.e., it was parallel to Xlab in Fig. 7.3. Due to the different relative
velocity, this was not possible for CO-He and the laser now propagates at
an angle of 120  with k and thus with Zlab. In the lab-to-collision frame
transformation described in Ref. [199], the frame rotation angle ⇥ becomes
⇥ = 120  instead of 90 , as is discussed in more detail later in the text.
Algebraic combination of the four experimental HIP, HOOP, VIP, and
VOOP distributions yields the polarization moments for the angular distri-
butions [199]: A(2)0 (✓),A
(2)
1+(✓) and A
(2)
2+(✓), as well as A
(0)
0 (✓), which is the
DCS.
7.4.3 Experimental results
Angular distributions extracted from velocity map images for collision in-
duced alignment from rotational energy-transfer processes can be expressed
in the form
I(✓) = C
d 
d⌦
(✓)
241+X
kq
A
(k)
q (✓)F
(k)
q ( ,⇥, )
35 , (7.1)
where d d⌦(✓) is the DCS, C is a constant factor that includes the effect of the
density to flux correction, and the quantity in square brackets describes the
renormalized alignment distribution. The function F(k)q ( ,⇥, ) contains all
information on the experimental variables needed. [180, 199] In the case
of (2+ 1) REMPI detection, described first in this section, the experimental
conditions are such that the F(k)q ( ,⇥, ) values in Eq. 7.1 are effectively zero
(i.e., there is no alignment sensitivity in the experiment) and the DCS can be
determined directly from the density-flux corrected image and compared
with theory. Next, the angular distributions determined using polarization
sensitive (1+ 1 0) REMPI detection are described.
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Figure 7.8: Raw experimental two-dimensional velocity map images of the j 0 =
3 - 11 final states using (2 + 1) REMPI detection at collision energy
513 ± 40 cm-1, on the lefthand side. The direction of the initial rel-
ative velocity vector is shown as a white arrow in the image for the
j = 3 state. The color code is shown in Fig. 7.1. Images simulated us-
ing the IMSIMM program are shown (middle column) for comparison
with the experimental image. On the right-hand side experimental DCSs
are compared with theoretical predictions for each final stat, where the
experimental curve is scaled by a constant factor to match theory.
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Table 7.1: Frame transformation angles and F(k)q ( ,⇥, ) factors
HIP HOOP VIP VOOP
( ,⇥, ) (⇡, 2⇡/3, 0) (⇡, 2⇡/3,⇡/2) (⇡/2, 2⇡/3, 0) (⇡/2, 2⇡/3,⇡/2)
F
(2)
0 0.625 0.625 -0.5 -0.5
F
(2)
1+ 0.375 -0.375 0.375 0.375
F
(2)
2+ 0.217 -0.217 -0.87 0.87
7.4.3.1 Differential cross sections at 513 cm-1 collision energy using (2 + 1)
REMPI detection
Raw images taken at 513 cm-1 collision energy with (2+ 1) REMPI detec-
tion are shown on the left-hand side of Fig. 7.8 for final states in the range
j 0 = 3- 11. Simulated images from the IMSIMM program which accounts
for the divergence and velocity spread of the molecular beams and their rel-
ative timing, as well as the laser ionization timing, volume, and propagation
direction, are shown in the middle column. All final states from j 0 = 3 to 11
were measured except for j0 = 5, in which case the S(5) and R(11) branches
are fully overlapped. The S(6) transition is also overlapped with R(15), but
the latter final state is very close to the energetic limit (see Fig. 7.1); its pop-
ulation is thus negligible. As mentioned previously, detection with (2+ 1)
REMPI under our experimental conditions showed no measurable sensitiv-
ity to the direction of the laser polarization. The experimental DCSs from
the IMSIMM program are shown on the right-hand side of Fig. 7.8 and
compared with theoretical predictions.
7.4.3.2 Polarization dependent differential cross sections at 840 cm-1 collision
energy
In previous work on collision-induced alignment in NO-Ar collisions [29,
180], reasonable assumptions were made to extract the DCS and alignment
functions from the data. The DCS was extracted from the image data I(✓)
by assuming the A(k)q (✓) values from the kinematic apse model [29, 178] or
from a full quantum mechanical (QM) scattering calculation. For determin-
ing the A(k)q (✓) values, the DCS was taken from the QM calculations. Note
that three polarization parameters can be predicted from the kinematic apse
model and all three are measurable. The A(2)1+(✓) parameter, however, is not
accessible when klaser is perpendicular to the initial velocity vector k, as in
the CO-Ar experiment described in Ref. [199]. The frame transformation an-
gles and functions F(k)q ( ,⇥, ) for the geometry in the present experiment
are given in Table. 7.1.
Following the procedures outlined in Ref. [199], the F(k)q ( ,⇥, ) factors
are combined with the polarization moments to yield the angular distribu-
tion for each polarization geometry as
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IHIP(✓) =
d 
d⌦
(✓)C
h
1+ 0.625A(2)0 (✓) + 0.375A
(2)
1+(✓) + 0.217A
(2)
2+(✓)
i
IHOOP(✓) =
d 
d⌦
(✓)C
h
1+ 0.625A(2)0 (✓)- 0.375A
(2)
1+(✓)- 0.217A
(2)
2+(✓)
i
IVIP(✓) =
d 
d⌦
(✓)C
h
1- 0.5A(2)0 (✓) + 0.375A
(2)
1+(✓)- 0.87A
(2)
2+(✓)
i
IVOOP(✓) =
d 
d⌦
(✓)C
h
1- 0.5A(2)0 (✓) + 0.375A
(2)
1+(✓) + 0.87A
(2)
2+(✓)
i
.
(7.2)
In the setup of Ref. [199] with ⇥ = 90  the HIP and HOOP distribution
must be identical, so that the position and scaling of the rectangular re-
gion used to obtain the HOOP distribution could be adjusted to match the
HIP distribution. The same position and scaling could then be used for the
VOOP distribution. Here, we have ⇥ = 120  and it is apparent from the
above equations that HIP and HOOP are not identical, so that this scaling
method used is not applicable. A solution to this problem is to measure also
at a different klaser direction; for example, at ⇥ = 0  where VIP=HOOP and
HIP=VOOP. As this proved inconvenient, theory was again called on, and
the relative cross sections from theory were used to calibrate the experimen-
tal scaling factor relating the HIP and HOOP curves. The same scaling was
then applied to the experimental VIP and VOOP distributions. In this ap-
proach, the length of the integration region for HOOP and VOOP was fixed
at the average radius of the annulus used for the HIP and VIP integrations.
Linear combination of the expressions in Eq. 7.2 yields the differential
cross section
d 
d⌦
(✓)C ⇡ 1
4
h
IHIP(✓) + IHOOP(✓) + IVIP(✓) + IVOOP(✓)
i
=
d 
d⌦
(✓)C

1+
1
16
A
(2)
0 (✓) +
3
16
A
(2)
1+(✓)
  (7.3)
where, considering the small values of their scaling coefficients and their
tendency to cancel each other, the last two terms in Eq. 7.3 are ignored.
This approximation was confirmed to be valid by comparing the exact and
approximate forms of Eq. 7.2 using the polarization moments and DCS from
theory.
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Other combinations yield the polarization parameters:
A
(2)
0 (✓) =
4
5
"
IHIP(✓) + IHOOP(✓)
d 
d⌦(✓)C
- 2
#
A
(2)
1+(✓) =
4
3
"
IHIP(✓)- IHOOP(✓)
d 
d⌦(✓)C
- 0.43A(2)2+(✓)
#
=
4
3
"
IHIP(✓) + IVIP(✓)
d 
d⌦(✓)C
- 2- 0.125A(2)0 (✓) + 0.653A
(2)
2+(✓)
#
A
(2)
2+(✓) =
IVOOP(✓)- IVIP(✓)
1.74 d d⌦(✓)C
,
(7.4)
where the two combinations for A(2)1+(✓) from the experimental data were
averaged.
As shown in Ref. [199], (1 + 1 0) REMPI of CO allows measurement of
polarization-dependent DCSs. Both V and H polarization images measured
for j0 = 5 - 14 final states using (1 + 1 0) REMPI detection on Q-branches
around 154 nm are shown in Fig.7.9. In these measurements the collision
energy is 840± 40 cm-1. For the j 0 = 5 state a CO-beam only image was
subtracted from the CO+He image, for higher j0 states the parent beam
signal is sufficiently far from the scattering ring that subtraction was not
necessary. For j0 < 5 no Q-branch probe transitions free of overlap with
other states could be found. Raw H and V images (without density-flux
correction) are shown in the left panel of Fig. 7.9. HIP, HOOP, VIP, and
VOOP angular distributions for each final state are shown in the middle
panel of Fig. 7.9. HIP and VIP curves are obtained by integration around
the annulus shown schematically as circles superimposed on the j 0 = 9 V
image, whereas the HOOP and VOOP curves are obtained from integration
along the vertical stripes shown schematically on the j0 = 9 H image.
As a test of the HIP-HOOP scaling procedure described above, the result-
ing HIP, HOOP, VIP, and VOOP curves (middle column) are compared with
predictions from theory shown in the right column of Fig.7.9. In all cases
scaling factors did not vary by more than a factor of two from the ampli-
tudes of the raw data curves. Although the noise is considerable, the shapes
and areas of each experimental curve are in reasonable agreement with the-
ory for all measured final states. Differential cross sections obtained by ap-
plication of Eq. 7.3 are compared with theoretical predictions in Fig.7.10. Po-
larization moments extracted from the experimental I(✓) curves are shown
in Fig .7.11.
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Figure 7.9: Raw two-dimensional velocity map images of the j0 = 5-14 final states
using (1+ 1 0) REMPI detection at collision energy 840± 40 cm-1. The
direction of the initial relative velocity vector is shown as a white arrow
in the image for the j0 = 5 state. The polarization of the (resonant) VUV
photon is indicated by V for polarization perpendicular to the collision
plane and H parallel to the collision plane. The sensitivity scale for
each pair of images is adjusted to make the main features visible. The
middle panel shows HIP, HOOP, VIP, and VOOP distributions extracted
from these images and the right panel shows theoretical predictions
corrected for the laser geometry. Each experimental curve was scaled
by a constant factor to match the corresponding theory curve.
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Figure 7.10: DCSs for j 0 = 5- 14 computed with the use of Eq. 7.3 from the HIP,
HOOP, VIP, and VOOP angular distributions extracted from the mea-
sured images in comparison with calculated DCSs at collision energy
840± 40 cm-1.
7.4.4 Discussion
CO is a closed shell molecule with a relatively small dipole moment (0.122
Debye), and He is a small atom with a low polarizability. Therefore, the
interaction of CO with He is dominated by short-range interactions that
requires small impact parameters. For this repulsive interaction system L-
type rainbows, which have been shown to have remarkable polarization
effects for NO-Kr collisions [213, 214] are not expected or seen in the theo-
retical analysis. Instead, the kinetimatic apse model [178], which describes
the system classically as a hard sphere colliding with a rigid ellipsoid,
should yield an accurate prediction of collision-induced alignment effects,
as shown in previous studies of NO-He, -Ne, and -Ar collisions. Indeed, the
polarization moments predicted by theory here for the CO-He system are
almost quantitatively similar to those predicted for the NO-He, Ne, and Ar
systems [29, 180, 190, 191, 213, 214]. The magnitude of the energy-transfer
cross sections between CO-He and CO-Ar, however, is quite different. For
example, the integral cross section (ICS) for the j 0 = 7 j = 0 excitation for
CO-Ar is 8 times larger than that for CO-He at 513 cm-1 collision energy,
and similar differences are found for the NO-He versus NO-Ar systems.
The smaller cross sections make collision-induced alignment studies with
He as the collision partner much more difficult and up to the present only
Meyer [178] has reported CIA studies of NO-He at the (high) collision en-
ergy of 1185 cm-1. CO-He is thus not an easy system for experimental study,
and as expected, this results in lower quality DCS and alignment data than
CO-Ar.
Regardless of the small cross section, the DCSs recovered when (2 + 1)
REMPI detection is used (Fig. 7.8) and agree quite well with theoretical
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Figure 7.11: Renormalized alignment moments for j 0 = 7- 14 computed with the
use of Eq. 7.4 from the HIP, HOOP, VIP, and VOOP angular distribu-
tions extracted from the measured images (red) in comparison with
calculated moments (black) at collision energy 840± 40 cm-1.
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predictions. Note again that theory takes into account the mixture of ini-
tial states in the experiment. With the relatively high-intensity laser pulses
needed for the (2+1) REMPI detection, it is clearly possible to detect a signif-
icant fraction of the scattered molecules without distortion due to complete
saturation or space charge. In this aspect, the laser confocal diameter is
roughly 30 micron for the 20 cm focal length lens used, but the ⇡ 1 cm
confocal length of the laser beam exceeds the length of the ⇡ 4⇥ 4⇥ 4 mm
the collision volume.
Differential cross sections recovered from the full polarization study us-
ing 1+ 1 0 REMPI at 840 cm-1 collision energy are also in reasonable agree-
ment with theory, although for the lower j 0 final states the second rainbow
peak in the side to backscattering region is broader than predicted. The
shape of the DCS, especially in this region, is sensitive to the value of the
polar angle ⇥ and to the amount of j = 0 versus j = 1 in the initial beam.
Considering that the experimental I(✓) curves match the shape of the corre-
sponding theory curves (Fig. 7.9), when only HIP and HOOP are scaled us-
ing theory, again confirms the general agreement of experiment and theory
for the DCSs. Rescaling of the experimental curves was necessary because
the total sensitivity for each image could not be held sufficiently constant
when the laser polarization was rotated.
The direct extraction method yields polarization parameters (Fig. 7.11)
that are also qualitatively in agreement with theory predictions. As is typ-
ical, the A(2)0 (✓) parameter is most reliable whereas the A
(2)
2+(✓) parameter
(obtained only from the VIP-VOOP curves) is noisy and quite sensitive to
the scaling method. The A(2)1+(✓) parameters show the expected shapes in
general, although for the weak and quite and small j 0 > 10 images substan-
tial deviations are observed.
All three experimental polarization parameters tend to reach their mini-
mum values, in contrast to previous work on NO-rare gas studies, where
typically A(2)0 (✓) reached only -0.4 to +0.5 instead of -1.0 at the backscat-
tering angle. This difference could be due to the lack of nuclear spin in
CO compared to NO, where any stray magnetic field could depolarize the
nascent NO on the time scale of the scattering measurement. Another ef-
fect, as suggested by Brouard and coworkers, [29] is depolarization due to
secondary collisions. In our measurement, both the DCSs and polarization
parameters show significant deviation from theory in the most forward scat-
tering direction. We believe this is due mainly to elastic scattering following
the inelastic event, as discussed next.
For any study of inelastic (or reactive) scattering the effects of elastic
scattering must be considered. Two features of elastic scattering are a much
larger total cross section and strongly forward scattering. Figure 7.12 shows
the elastic scattering DCS for the j0 = 7 state, a typical final product mea-
sured in this study. To visualize both the magnitude of the cross section and
the angular distribution, the DCS is weighted by sin ✓ in Fig. 7.12 where the
area under the curve is then the integral cross section. The j = 7 - 7 ICS
(similar to all of the other elastic ICSs) is 37 times larger than the j = 0- 7
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Figure 7.12: Comparison of the DCS for elastic j = 7- 7 and inelastic j = 0- 7
CO-He collisions at collision energy 800 cm-1.
Figure 7.13: Comparison of the renormalized aligment moments A(2)0 (✓) and
A
(2)
2+(✓) for elastic j = 7- 7 and inelastic j = 0- 7 CO-He collisions at
collision energy 800 cm-1.
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ICS, which is typical for all of the lower initial states, as seen in Fig. 7.6. The
probability for an elastic collision after the j0 = 7 state is formed but before
laser ionization takes place under the present condition of ⇡ 5% inelastic
scattering is close to 100%. Also apparent in Fig. 7.12 is that although the
elastic scattering is mostly forward, even at 20 degrees there can be a sig-
nificant effect on the DCS. The probability in the side scattering region for
j = 7- 7 elastic scattering is greater than that of the 0- 7 inelastic scatter-
ing event. When a final state with a substantial fraction is detected in the
parent beam (j = 1, 2, 3 . . .) the measured image will thus also reflect elastic
scattering and a simple beam-off background subtraction is not valid.
An elastic scattering event shows collision-induced alignment effects that
tend to be opposite to those of inelastic scattering polarization. This is il-
lustrated for the A(2)0 (✓) and A
(2)
2+(✓) polarization parameters in Fig. 7.13 for
j = 7- 7 and j = 0- 7 collisions. In the forward scattering region, elastic
scattering can thus cause significant depolarization, and forward scattering
is where the largest deviation in the polarization parameters between ex-
periment and theory is seen in Fig. 7.11. Elastic scattering will not cause
significant deflection of the nascent molecules. Once inelastically scattered,
however, these molecules are no longer moving with their parent beam ve-
locity and further collisional depolarization and elastic scattering with the
carrier gas of the parent beam with much higher cross sections becomes
possible.
For the present CO-He system, collisional depolarization appears to mainly
affect the forward scattering region whereas the backscattering region shows
the maximum possible collision-induced alignment, within the large error
margin of the experiment. For the CO-Ar system where the inelastic scatter-
ing cross section is nearly an order of magnitude larger, collisional depolar-
ization should play a more important role and this is indeed observed in the
preliminary results of Ref. [199], where in the backscattering region the po-
larization parameters do not reach their maximum expected values. Finally,
for very dilute systems such as those with hexapole or Stark deceleration
state selection the probability of an inelastic collision can be sufficiently low
that depolarization by elastic scattering with the rare gas partner should not
be important.
7.5 conclusion
The rotational excitation of CO molecules due to scattering with He atoms
at collision energies of 513 and 840 cm-1 was studied in a crossed molec-
ular beam setup and VMI with state-selective and polarization-sensitive de-
tection through (1+ 1 0) and (2+ 1) REMPI. The incoming CO beam had a
rotational temperature of Trot ⇡ 3K with j = 0, 1, and 2 states populated in
a ratio of 65 : 33 : 2%. Differential cross sections and alignment parameters
for a range of final j 0 values of CO were extracted from the meaured images
by a direct analysis procedure described by Suits et al. [199], but general-
ized here to account for a different laser beam direction. The same DCSs
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and alignment parameters, averaged over the initial-state distribution of
CO, were obtained from quantum mechanical close-coupling calculations
based on two accurate ab initio potentials for CO-He. Good agreement be-
tween the experimental and theoretical results was found, in general, which
illustrates the reliability of the experiment, as well as of the procedure used
to extract state-to-state differential and polarization-dependent differential
cross sections from the measured images.
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H 2 - CO SCATTER ING CALCULAT IONS
Collisions of H2 and CO are important in astrochemistry. This chapter fo-
cuses on the study of DCSs for pure rotational excitation of CO in collision
with H2 . Experiments on this system have been done by our collaborator
David H. Parker and his group. However, at the time of writing of this
chapter the analysis of the experimental results was not finished and only
theoretical results are presented. Cross sections are calculated with the fully
quantum-mechanical close-coupling method using a four-dimensional po-
tential energy surface for H2 -CO [J. Chem. Phys. 138, 084307, (2013)]. The
scattering calculations are performed for a collision energy of 6 0 0 cm- 1 ,
corresponding to the experiment. Since CO has a small rotational constant,
not only the j = 0 ground rotational state of CO is populated in the ex-
periment, but also the j = 1 and j = 2 states. We examine the effect of
the initial rotational state on the DCSs. We also investigate the difference
between ortho-H2 and para-H2 collisions with CO. We conclude that the
effect of initial excitation of CO is large and that the difference between
ortho-H2 and para-H2 is small. Results for H2 -CO are similar to those of
He-CO, which justifies the use of scaled rotationally inelastic He-CO rates
to replace H2 -CO rates in astrochemical modeling.
Preliminary version – January 29, 2016
122 h2 -co scattering calculations
8.1 introduction
The H2 -CO complex is an important system for astrophysics. The hydro-
gen molecule, the most abundant molecule in the universe, is hard to detect
directly, while CO, the second most abundant molecule in the universe, is
a good tracer of physical conditions, as illustrated in Sec. 1.1 of Chap. 1.
Most information about hydrogen molecule in space is obtained indirectly
from the measurement of the spectra of CO.[215, 216, 217] In contrast to
the atom-diatom systems discussed in other chapters, both molecules can
be excited or de-excited in H2 -CO collisions. The description of the complex
requires six Jacobi coordinates, compared to only three for an atom-diatom
system. A further complication is that H2 has two spin isomers, one called
ortho hydrogen (ortho-H2 ) with the two proton spins parallel, and the other
called para hydrogen (para-H2 ) with two proton spins antiparallel. [218]
The parallel spins in ortho-H2 form a triple state, while antiparallel spins
in para-H2 yield the singlet state. Para-H2 has an even rotational quantum
number jH 2 and ortho-H2 has odd jH 2 . The two spin isomers lead to dif-
ferent ro-vibrational spectra of the H2 -CO complex [125] and also different
dynamic behavior in H2 -CO collisions [26].
Jankowski and Szalewicz devoted considerable effort to constructing H2 -
CO PESs.[125, 219, 220] In 1998, they built a four-dimensional ab initio PES for
the H2 -CO complex with fixed intramolecular distances of H2 and CO us-
ing interaction energies computed by symmetry-adapted perturbation the-
ory. [219] With this potential para-H2 -CO spectral lines were predicted with
an accuracy of 1 cm- 1 . In 2005 they reported another ab initio PES. [220]
Here, they used the coupled-cluster super-molecular method with single,
double, and noniterative triple excitations [CCSD(T)] to calculate interac-
tion energies on a five-dimensional grid with only the CO distance fixed.
The PES was constructed by averaging over the intermolecular vibration
of H2 . The para-H2 -CO spectrum computed for this potential is accurate
to 0 . 1 cm- 1 . These two potentials, however, are not sufficiently accurate
for the calculation of the ortho-H2 -CO spectrum. Recently, Jankowski et al.
built a new full six-dimensional H2 -CO surface using ab initio points from
the single, double, complete triple, and noniterative quadruple excitations
[CCSDT(Q)] method. [125] This potential is extremely accurate, it yields
an ortho-H2 -CO spectrum for which most ro-vibrational lines agree with
experiment within 0 . 0 1 cm- 1 .
Integral cross sections for H2 -CO rotationally inelastic collisions have
already been computed with these potentials[27, 221] In this chapter, we
present the calculations of DCSs. We expect experimental results to be avail-
able for comparison soon.
8.2 computational details
The cross sections are calculated with the fully quantum-mechanical CC
method described in detail in Sec. 1.2 of Chap. 1. The expressions for the
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Figure 8.1: Jacobi coordinates for the H2-CO complex, as described in section 8.2.
Figure adapted from Ref. [222].
calculation of the DCSs are given in the supplementary material of Ref [223].
Here, we present further computational details.
The geometry of the H2-CO complex is described by the Jacobi vectors
r1, r2, and R, where r1 connects the atoms O and C in CO, r2 connects
the H atoms in H2, and R connects the enters of mass of CO and H2,
as show in Fig. 8.1. The potential is expressed in the six Jacobi coordi-
nates (R, r1, r2,⇥1,⇥2, ), with R = |R|, r1 = |r1|, r2 = |r2|, ⇥1 = \(R, r1),
⇥2 = \(R, r2), and   is the dihedral angle. We treat H2 and CO as rigid
rotators and we use the four-dimensional ab initio potential produced by
Jankowski et al. [126], which was obtained by taking an average of a six-
dimensional potential [125] over the ground-state vibrational wave func-
tions of H2 and CO. [126] We employ the renormalized Numerov propa-
gator to solve the coupled-channel equations. The R grid ranges from 4.5
to 40 a0 and the step size is 0.13 a0. The potential is expanded in spherical
harmonics, where the highest order is 10 for CO and 4 for H2. The potential
expansion coefficients are obtained by numerical integration, using 11 point
Gauss-Legendre quadratures for ✓1 and ✓2, and 11 equally spaced points for
 . The channel basis set includes CO rotational quantum number j = 0- 25
and H2 rotational quantum number jH2 = 0- 4. The rotational constants of
CO and H2 are 1.9225 cm-1 and 59.3398 cm-1, respectively. Partial waves
with total angular momentum J up to 90 are included to converge the ICSs
within 1%. In the experiment the initial populations of the j = 0, 1, and 2
rotational states are estimated to be 65%, 33%, and 2%. Therefore, we report
the DCSs for these three initial states, as well weighted average results.
8.3 theoretical results
In Fig. 8.2 we compare calculated DCSs for ortho- and para-H2 colliding
with CO. Results are shown for CO rotational transitions j = 0 ! 1, 4, 8,
and 11 at a collision energy of 600 cm-1. At this collision energy, the ortho-
H2-CO and para-H2-CO DCSs are very similar. Even though the differences
between ortho- and para-H2 are small, we report 3 : 1 weighted averages in
Figs. 8.3-8.5 in order to best approach the experimental conditions.
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Figure 8.2: Comparison of differential cross sections of ortho-H2-CO and para-H2-
CO for transitions from j = 0 to j0=1, 4, 8, and 11 at collision energy
E = 600 cm-1.
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Figure 8.3: Differential cross sections of H2-CO from initial j=0, 1, and 2 to final
j0 = 4 at collision energy E = 600 cm-1. The last panel shows the
weighted average of the differential cross sections (DCSs)
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Figure 8.4: Integral cross sections for H2-CO for transitions from initial j = 0, 1,
and 2 to final j0 = 0- 11 at collision energy of 600 cm-1. The ratio of
ortho-H2 and para-H2 is 3 : 1.
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Figure 8.5: The 65:33:2 weighted average of the H2-CO(j = 0, 1, 2) DCSs for exci-
tation to final j0 = 3 - 11 at a collision energy of 600 cm-1. The H2
ortho-para ratio is 3:1.
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In Fig. 8.3 we report the DCSs for excitation to the CO j = 4 rotational
state from initial states with j = 0, 1, and 2. The angular dependence as
well as the magnitude of the DCSs depends strongly on the initial state. The
intensity of the peaks can differ by an order of magnitude. In particular,
the backward scattering peak (✓ near 180  ) for the j = 0 ! 4 transition
is much stronger than the one for j = 1 ! 4, while forward scattering is
much stronger for j = 1 ! 4. The weighted average DCS in Fig. 8.3 shows
that even though the majority of the CO molecules is initially in the ground
rotational state, the contribution from the j = 1 and j = 2 initial states is not
negligible.
The main theoretical results for the H2-CO system are presented in Figs. 8.4
and 8.5. Figure 8.4 shows the ICSs from initial j = 0, 1, and 2 to final
j0 = 0- 11. It reveals that elastic cross sections are an order of magnitude
larger than inelastic cross sections. The ICSs decrease with increasing  j con-
sistent with the energy gap law. Furthermore, the transitions with  j = 2
have the largest inelastic ICSs, just as in He-CO collisions.
In Fig. 8.5, DCSs are shown for transitions to final states with j0 = 3 -
11. A weighted average over j = 0, 1, and 2 is taken as before and the
contributions from ortho-H2-CO and para-H2 are included. The DCSs of H2-
CO have more backward scattering for increasing final j0. This trend was
also found for He-CO collision in Chap. 7.
8.4 conclusion
We presented calculated ICSs and DCSs for the H2-CO system at a collision
energy of 600 cm-1. We consider initial CO rotational states with j = 0, 1,
and 2, and final states with j0 = 0- 11. We find that results depend strongly
on the initial rotational state of CO, but that the differences between ortho-
H2 and para-H2 are small. We also present results averaged over j = 0, 1,
and 2 CO rotational states with populations 65 : 33 : 2 and contributions
from ortho- and para-H2 in 3 : 1 ratio, to closely mimic experimental condi-
tions.
It is found that the results for H2-CO are similar to those for the He-CO.
This validates the common approach in astrochemical applications to use
scaled rotationally inelastic He-CO rates in modeling, rather than H2-CO
rates which are much costly to compute.
Our theoretical results are ready for comparison with experimental data.
Experimental images have already been obtained by our collaborator Dave
H. Parker and his group. The analyzed experimental data are expected to
be available for comparison soon.
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SUMMARY
This thesis is devoted to a quantum mechanical study of inelastic collision
processes for astronomical applications. We were interested, in particular,
in the scattering of CO with its collision partners in space, such as H, He
and H2. The main goal of the work was to provide state-to-state rate coef-
ficients for pure rotational and ro-vibrational transitions of CO induced by
inelastic collisions with H atoms. The calculated results were imported into
the Leiden Atomic and Molecular Database (LAMDA) in use for current
and future astrophysical modeling. Furthermore, we investigated He-CO,
H2-CO and Ar-CO collisions. For those systems, differential cross sections
and/or polarization dependent differential cross sections were calculated
at the collision energies corresponding to the measurements of our experi-
mental collaborators in this work. Our results, in comparison with the data
from molecular beam experiments, allowed us to check the accuracy of the
ab initio intermolecular interaction potentials used in our studies and to
obtain detailed information on the dynamics of the collision processes.
Chapter 1 is the introduction, which describes the astrochemical back-
ground of our work, the theoretical methods used, and the systems studied.
It contains two subsections on theoretical methods, one with an introduc-
tion to the methods applied in electronic structure computations, the other
one on the principles of quantum-mechanical scattering methods.
Chapter 2 presents the construction of a three-dimensional ab initio po-
tential surface for the H-CO(eX 2A 0) complex. The ab initio calculations and
the fit procedure are described in detail. The potential was used to calcu-
late the vibrational frequencies and rotational constants of H-CO. Compar-
ison with experimental data demonstrates that the new three-dimensional
potential energy surface reproduces multiple spectroscopic parameters pre-
cisely. Furthermore, some preliminary two-dimensional scattering calcula-
tions were performed and compared with previous calculations to confirm
the accuracy of the long range part of the new potential.
Chapter 3 reports quantum scattering calculations for pure rotational
de-excitation transitions of CO induced by collisions with H atoms, based
on the three-dimensional H-CO potential in Chapter 2. State-to-state cross
sections were calculated for collision energies ranging from 10-5 to 15000
cm-1, and the corresponding rate coefficients were produced for a temper-
ature range of 1 to 3000 K. Both the full quantum close-coupling method
and the coupled states approximation were used in calculations for CO de-
excitation from rotational states with j = 1- 5, 10, 15, 20, 25, 30, 35, 40 and
45 in the vibrational v = 0 ground state, while a scaling approach was intro-
duced for the intermediate rotational states. Comparison with previous re-
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sults from scattering calculations by Balakrishnan et al. [Astrophys. J., 568,
443 (2002)] revealed that those results are not completely reliable, due to
the use of a potential that is inaccurate in its long range part. Moreover, our
calculations extend the temperature range and the number of transitions
of the previously available H-CO pure rotational rate coefficients used for
astrophysical modeling.
Chapter 4 describes full quantum close-coupling calculations for ro-vibr-
ational relaxation of CO in collision with H atoms, based on our three-
dimensional H-CO potential energy surface. First, we tested the conver-
gence with respect to the channel basis set and the accuracy of the coupled-
state and infinite-order-sudden approximations. Then, we computed a large
number of state-to-state cross sections for ro-vibrational transitions from
v = 1, j = 0- 30 to v0 = 0, j0 at collision energies between 0.1 and 15000
cm-1. Pure vibrational v = 1 ! v0 = 0 transition cross sections and rate co-
efficients were obtained both from the full close-coupling method and from
the infinite-order-sudden approximation. Comparison of these data shows
that vibrational rate coefficients from the infinite-order-sudden approxima-
tion agree well with those from full close-coupling calculations. The com-
puted v = 1 ! v0 = 0 rate coefficients also agree well with data measured
by Glass et al. [J. Phys. Chem., 86, 908 (1982)].
Chapter 5 presents ro-vibrational transition rate coefficients for H-CO
collisions for gas temperatures from 10 to 3000 K, obtained with the use
of the cross sections from Chapter 4. Moreover, pure vibrational rate co-
efficients for transitions v = 1 - 5 ! v0 < v were calculated with the
infinite-order-sudden method. A new extrapolation method is introduced
that yields ro-vibrational rate coefficients from v = 2- 5, j to v < v0, j0 based
on the above two sets of rate coefficients. Additional ro-vibrational rate
coefficients for transitions v = 2, j ! v0 = 1, j0 were calculated with the
full quantum close-coupling method and compared with the results from
our new extrapolation approach, which confirmed the reliablility of this ap-
proach. Comparison with the ro-vibrational rate coefficients for H-CO used
previously in astrophysical modelling by Thi et al. [Astron. Astrophys., 551,
A49 (2013)], showed that our new dataset is both more comprehensive and
more accurate. Our new dataset has been incorporated into the LAMDA
data base for future astrophysical modeling.
Chapter 6 describes experimental and theoretical studies on CO in colli-
sions with Ar. Differential cross sections (DCSs) and polarization depen-
dent differential cross sections (PDDCSs) were calculated using the full
quantum close-coupling method. These physically relevant parameters were
also extracted from experiments using a crossed-beam setup, combined
with the velocity map imaging (VMI) technique with state-selective and
polarization-sensitive detection by (1 + 1 0) resonance enhanced multipho-
ton ionization (REMPI). A novel way of analyzing velocity-map images
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was developed that directly yields all the parameters that characterize the
angular momentum polarization of the scattered, rotationally excited CO
molecules. The agreement between experiment and theory manifests the
reliability of this new analysis method.
Chapter 7 reports a joint experimental and theoretical study of state-to-
state rotationally inelastic DCSs and PDDCSs for CO (v = 0, j = 0, 1, 2)
molecules colliding with He. The experiments probing the rotational excita-
tion of CO by these collisions were similar to those described in Chapter 6
for CO-Ar collisions. Data were recorded with (2+ 1) REMPI and (1+ 1 0)
REMPI for collision energies of 513± 40 cm-1 and 840± 40 cm-1, respec-
tively. Also the theoretical work was similar; we used the full quantum
close-coupling method in well-converged calculations of the rotationally
inelastic DCSs and PDDCSs. Since for CO-He the laser beam is not perpen-
dicular to the relative velocity vector, as in the case of CO-Ar, the situation
is more complex and an additional parameter is required to characterize
the angular momentum polarization of the CO molecules. Still, the com-
parison of experimental and calculated results confirmed that also here the
experiment and the new analysis method are reliable and provided detailed
information on the dynamics of the He-CO collision process.
Chapter 8 shows calculated DCSs for CO colliding with H2 obtained
from full close-coupling calculations. Also CO-H2 collisions are astrophysi-
cally relevant, just as He-CO and H-CO collisions. We present state-to-state
DCSs for rotational transitions of CO from the v = 0, j = 0, 1, 2 initial states
to final states with j 0 = 3- 11 at a collision energy at 600 cm-1. We found
that the DCSs for collisions of CO with ortho-H2 and para-H2 are very sim-
ilar at this energy. The similarity of the H2-CO DCSs with those of He-CO
shows that, contrary to the case of H-CO, it might be a good approxima-
tion for astrochemical applications to obtain rate coefficients for H2-CO by
scaling the results of He-CO, at least at higher energies.
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SAMENVATT ING
Dit proefschrift is gewijd aan het kwantummechanische onderzoek van in-
elastische botsingsprocessen voor astronomische toepassingen. Bijzondere
belangstelling hadden wij voor botsingen van CO moleculen met zijn bots-
ingspartners in de ruimte, zoals H, He en H2. Het hoofddoel van het werk
was om snelheidsconstanten te bepalen voor rotatie- en ro-vibratieovergangen
van CO geïnduceerd door botsingen met waterstofatomen. De resultaten
van deze berekeningen zijn te vinden in de Leiden Atomic and Molecu-
lar Database (LAMDA) en kunnen worden gebruikt in astrofysische mod-
ellen. Verder hebben we gekeken naar CO-He, CO-H2 en CO-Ar botsin-
gen. Voor deze systemen hebben we differentiële botsingsdoorsneden en/of
polarisatieafhankelijke differentiële botsingsdoorsneden berekend. Door te
vergelijken met experimenten met moleculaire bundels konden wij de nau-
wkeurigheid van de gebruikte ab initio interactie potentialen toetsen en
verkregen wij gedetailleerde informatie over de dynamica van het bots-
ingsproces.
Hoofdstuk 1 geeft een introductie in de astrochemische achtergrond van
ons werk, de gebruikte theoretische methoden en de moleculaire systemen
die bestudeerd worden. Dit hoofdstuk bevat twee subsecties over de theo-
retische methoden, de een bevat een inleiding tot methoden gebruikt in elec-
tronenstructuur berekeningen, de ander een inleiding tot kwantummecha-
nische botsingsberekeningen.
Hoofdstuk 2 beschrijft de constructie van een driedimensionaal ab initio
potentiële energie oppervlak voor het H-CO(eX 2A 0) complex. De ab initio
berekeningen en fit procedure worden in detail beschreven. De potentiaal
wordt gebruikt voor de berekening van vibratiefrequenties en rotatiecon-
stanten van H-CO. Vergelijking met experimentele gegevens laat zien dat
de nieuwe driedimensionale potentiaal meerdere spectroscopische param-
eters nauwkeurig reproduceert. Verder voeren we tweedimensionale bots-
ingsberekeningen uit en vergelijken de resultaten met eerdere berekeningen
om de nauwkeurigheid van de potentiaal op grote afstand te verifiëren.
Hoofdstuk 3 beschrijft kwantummechanische botsingsberekeningen voor
puur rotationele de-excitatie van CO in botsing met waterstofatomen, gebas-
eerd op de driedimensionale potentiaal uit Hoofdstuk. 2. Toestandsopgeloste
botsingsdoorsneden zijn berekend voor energieën tussen 10-5 en 15 000 cm-1
en de corresponderende snelheidsconstanten zijn bepaald voor tempera-
turen tussen 1 en 3 000 K. Zowel volledige kwantummechanische gekop-
pelde kanalen (close coupling) berekeningen alsook de gekoppelde toes-
tanden benadering (coupled-states approximation) zijn gebruikt voor de
berekening van CO de-excitatie uit rotatie toestanden met j = 1-5, 10, 15, 20,
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25, 30, 35, 40 en 45 in de vibratie grondtoestand, en een schalingsmethode
wordt geïntroduceerd voor de tussenliggende rotatie toestanden. Vergelijk-
ing met eerdere resultaten van botsingsberekeningen, uitgevoerd door Bal-
akrishnan et al. [Astrophys. J., 568, 443 (2002)], laat zien dat de eerdere
berekeningen niet volledig betrouwbaar zijn door onnauwkeurigheid van
de potentiaal op grote afstand. Bovendien bestrijken onze berekeningen een
groter temperatuurgebied en een groter aantal overgangen dan voorheen
beschikbaar voor puur rotationele de-excitatie van CO-H, die gebruikt wor-
den in astrofysische modellen.
Hoofdstuk 4 behandelt volledig kwantummechanische gekoppelde kan-
alen berekeningen voor ro-vibrationele relaxatie van CO in botsing met
waterstofatomen, gebaseerd op de driedimensionale potentiaal uit Hoofd-
stuk. 2. Eerst testen we de convergentie van de berekening met de kanalen
basis en testen we de nauwkeurigheid van de gekoppelde toestanden (cou-
pled states) en infinite-order-sudden benadering. Daarna berekenen we een
groot aantal botsingsdoorsneden voor ro-vibratieovergangen van v = 1, j =
0- 30 naar v0 = 0, j0 bij botsingsenergieën tussen 0.1 and 15 000 cm-1. Bots-
ingsdoorsneden voor pure vibratieovergangen v = 1! v0 = 0 zijn berekend
met volledige gekoppelde kanalen berekeningen alsook in de infinite-order-
sudden benadering. Vergelijking van deze gegevens laat zien dat de infinite-
order-sudden benadering puur vibrationele overgangen nauwkeurig beschri-
jft. De berekende snelheidsconstanten voor v = 1! v0 = 0 zijn ook in goede
overeenstemming met de metingen van Glass et al. [J. Phys. Chem., 86, 908
(1982)].
Hoofdstuk 5 bevat snelheidsconstanten voor ro-vibratieovergangen door
CO-H botsingen bij temperaturen tussen 10 en 3 000 K, berekend uit de
botsingsdoorsneden uit Hoofdstuk. 4. Verder zijn snelheidsconstanten voor
puur vibrationele overgangen met v = 1 - 5 ! v0 < v berekend met
de infinite-order-sudden methode. Een nieuwe extrapolatiemethode wordt
geïntroduceerd waarmee snelheidsconstanten voor ro-vibratieovergangen
van v = 2 - 5, j naar v < v0, j0 bepaald worden uit de bovengenoemde
sets snelheidsconstanten. De nauwkeurigheid van deze extrapolatiemeth-
ode wordt aangetoond door vergelijking met aanvullende ro-vibrationele
snelheidsconstanten voor v = 2, j ! v0 = 1, j0 die zijn berekend met de
gekoppelde kanalen methode. Vergelijking met snelheidsconstanten voor
ro-vibratieovergangen in H-CO, die voorheen gebruikt werden in astrofy-
sische modellen door Thi et al. [Astron. Astrophys., 551, A49 (2013)], laat
zien dat onze dataset nauwkeuriger en completer is. De nieuwe dataset is
ingebouwd in LAMDA en kan in de toekomst gebruikt worden in astrofy-
sische modellen.
Hoofdstuk 6 beschrijft de experimentele en theoretische studie van CO-
Ar botsingen. Differentiële botsingsdoorsneden (DCS voor differential cross
section) en polarisatieafhankelijke differentiële botsingsdoorsneden (PDDCS
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voor polarisation-dependent DCS) worden berekend met de volledig kwan-
tummechanische gekoppelde kanalen methode. Deze fysisch relevante pa-
rameters worden ook bepaald door experimenten met gekruiste molec-
ulaire bundels, gecombineerd met de velocity map imaging (VMI) tech-
niek met toestandsselectieve en polarisatiegevoelige detectie door (1+ 1 0)
resonance enhanced multiphoton ionization (REMPI). We passen een nieuwe
analyse van de velocity-map images toe waarmee direct alle parameters
worden bepaald die de polarisatie van het impulsmoment van de gebot-
ste en rotationeel geëxciteerde CO moleculen beschrijven. De overeenstem-
ming tussen experiment en theorie bevestigd de betrouwbaarheid van deze
nieuwe analysemethode.
Hoofdstuk 7 beschrijft de theoretische en experimentele studie van toe-
standsopgeloste DCSs en PDDCSs voor CO (v = 0, j = 0, 1, 2) moleculen
in botsing met heliumatomen. De experimenten waarmee CO moleculen
gemeten worden die door de botsing rotationeel zijn geëxciteerd is vergeli-
jkbaar met wat in Hoofdstuk. 6 is beschreven voor CO-Ar botsingen. De
detectie is gebaseerd op (2+ 1) REMPI en (1+ 1 0) REMPI voor botsingsen-
ergieën van respectievelijk 513± 40 en 840± 40 cm-1. Het theoretische werk
was eveneens vergelijkbaar; wij gebruikte goed geconvergeerde en volledig
kwantummechanische gekoppelde kanalen berekeningen van rotationeel
inelastische DCSs en PDDCSs. Echter is de situatie in dit hoofdstuk in-
gewikkelder omdat, in tegenstelling tot de experimenten in Hoofdstuk 6,
de laser in dit geval niet loodrecht staat op de relatieve snelheidsvector. Hi-
erdoor is een extra parameter vereist om de polarisatie van het impulsmo-
ment van de gebotste COmoleculen te kunnen beschrijven. Ook hier laat de
vergelijking van experiment en theorie de betrouwbaarheid van de analyse
methode zien, en levert dit gedetailleerde informatie op over de dynamica
van CO-He botsingen.
Hoofdstuk 8 laat de berekende DCSs voor CO in botsing met H2 zien,
verkregen uit gekoppelde kanalen berekeningen. Evenals de eerder beschre-
ven botsingscomplexen zijn CO-H2 botsingen astrofysisch relevant. Wij geven
toestandsopgeloste DCSs voor rotatieovergangen van CO uit begintoestanden
met v = 0, j = 0, 1, 2 naar eindtoestanden met j 0 = 3- 11, bij een botsingsen-
ergie van 600 cm-1. Bij deze energie wordt er weinig verschil gevonden
tussen de DCSs voor botsingen van CO met ortho-H2 en para-H2. De geli-
jkenis met de DCSs voor CO-H2 en CO-He suggereert dat men bij - voor as-
trochemische toepassingen - nauwkeurige benadering de snelheidsconstan-
ten voor CO-H2 kan verkrijgen door de resultaten voor CO-He te schalen,
in ieder geval voor deze hogere energieën.
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